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ABSTRACT 
A nob le -gas  M H D  g e n e r a t o r  was c o n s t r u c t e d  and i t s  
performance measured. Wall l eakage  and H a l l  e f f e c t s  
s e r i o u s l y  degraded t h e  g e n e r a t o r  performance.  A s p e c t r o -  
s c o p i c  " i n t e r f e r e n c e - f i l t e r  photographic"  t e c h n i q u e  was 
d e v i s e d  f o r  s p a t i a l l y  r e s o l v i n g  t h e  e l e c t r o n  t empera tu re  
d i s t r i b u t i o n ,  and microwave measurements showed non- 
e q u i l i b r i u m  e l e c t r o n  c o n c e n t r a t i o n  a f t e r  expans ion  i n  a 
s u p e r s o n i c  n o z z l e .  The e f f e c t  of t h e  e l e c t r i c  f i e l d  on 
t h e  e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  was de termined ,  and 
procedupes for c a l c u l a t i n g  e l e c t r i c a l  c o n d u c t i v i t y  and 
Hal l  parameter  were e v a l u a t e d .  T h e o r e t i c a l  c a l c u l a t i o n  
of c u r r e n t  d i s t r i b u t i o n  i n  segmented M H D  g e n e r a t o r s  showed 
impor t an t  e f f e c t s  of tempera ture  o r  c o n d u c t i v i t y  g r a d i e n t s .  
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1 . 0  SUMMARY 
A r e s e a r c h  program was conducted  between 28 September 
1964 and 27 September  1966 t o  i n v e s t i g a t e  plasma d i a g n o s t i c s  
i n  c o n n e c t i o n  w i t h  noble-gas  MHD g e n e r a t o r s .  A major mot iva-  
t i o n  f o r  t h i s  work was t h e  f a i l u r e  of noble-gas  M H D  g e n e r a t o r s  
t o  o p e r a t e  as expec ted  f r o m  a v a i l a b l e  t h e o r i e s .  One r e a s o n  
for t h e  poor  e x p e r i m e n t a l  per formance  was b e l i e v e d  a s s o c i a t e d  
w i t h  c u r r e n t  c o n c e n t r a t i o n s  on e l e c t r o d e s  due to t h e  Hal l  
e f f e c t .  
n o s t i c  t e c h n i q u e s  which would a f f o r d  a b e t t e r  knowledge of  
t h e  c u r r e n t  d i s t r i b u t i o n  under  M H D  g e n e r a t o r  o p e r a t i n g  c o n d i -  
t i o n s .  
It was hoped tha t  t h i s  program would deve lop  d iag-  
A s p e c t r o s c o p i c  I I  i n t e r f e r e n c e - f  i l t e r  pho tograph ic"  t ech -  
n i q u e  was developed  f o r  s p a t i a l l y  r e s o l v e d  e l e c t r o n - t e m p e r a t u r e  
measurements i n  a g a s  d i s c h a r g e .  Measurements were made w i t h  
a n  e l e c t r i c  f i e l d  a p p l i e d  to a s i n g l e  p a i r  of' e l e c t r o d e s  i n  
a f l o w i n g ,  a tmosphe r i c -p res su re ,  p a r t i a l l y  i o n i z e d  plasma.  
The plasma was produced by t h e  a r c - j e t  f a c i l i t y  w i t h  t h e  u s e  
of po tas s ium sodium seed ing .  
m a t e l y  20000K and e l e c t r o d e  t e m p e r a t u r e s  app ' roximately 900°K. 
E l e c t r o n - t e m p e r a t u r e  d i s t r i b u t i o n s  were o b t a i n e d  f o r  a v a r i e t y  
of prebreakdown and postbreakdown ( a r c )  c o n d i t i o n s .  The 
measurements were suppor t ed  by a n a l y t i c a l  s t u d i e s  o f  t h e  popu- 
l a t i o n  t e m p e r a t u r e  of  sodium resonance  l i n e s  and of t h e  e f f e c t s  
on the  r e l a t i v e - i n t e n s i t y  measurements o f  s e l f - a b s o r p t i o n  r e -  
s u l t i n g  from low-temperature  boundary l a y e r s .  
P l a s m a  t e m p e r a t u r e s  were a p p r o x i -  
The e l e c t r o n  number d e n s i t y  e n t e r i n g  a n  MHD g e n e r a t o r  
t e s t  s e c t i o n  downstream of a n o z z l e  may i n  p r i n c i p l e  be o u t  
of e q u i l i b r i u m  w i t h  b o t h  t h e  e l e c t r o n  and t h e  h e a v y - p a r t i c l e  
t e m p e r a t u r e s .  Experiments  u s i n g  microwaves were performed to 
measure t he  e l e c t r o n  number d e n s i t y  ups t ream and downstream 
of a s u p e r s o n i c  expansion of seeded a rgon .  A t  a s t a g n a t i o n  
t e m p e r a t u r e  of 1950OC and a t  a s e e d i n g  f r a c t i o n  of O . l % ,  i t  
was de te rmined  t h a t  the e l e c t r o n  number d e n s i t y  was i n  f a c t  
c o n s i d e r a b l y  o u t  of e q u i l i b r i u m  w i t h  the  gas t empera tu re .  
The e x p e r i m e n t a l  r e s u l t s  were i n  c l o s e  agreement  w i t h  t h e o r e t i -  
c a l  c a l c u l a t i o n ,  and show t h a t  the  e l e c t r o n  number d e n s i t y  
t e n d s  t o  f r e e z e  a t  Mach numbers i n  e x c e s s  of abou t  0 . 4 .  
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An open-system a r c - h e a t e d  a rgon  and hel ium a p p a r a t u s  
was c o n s t r u c t e d  which p e r m i t t e d  g a s  t e m p e r a t u r e s  up to 2000°K 
a t  b o t h  subson ic  and s u p e r s o n i c  v e l o c i t i e s  i n  t h e  2 em x 5 em 
x 30 cm-long t e s t  s e c t i o n .  O p e n - c i r c u i t  v o l t a g e  and s h o r t -  
c i r c u i t  c u r r e n t s  as h i g h  as 13 v o l t s  and 0 .04  amperes p e r  
e l e c t r o d e  p a i r  were measured, a l t h o u g h  i n t e r n a l  s h o r t i n g  
th rough  conduct ing  l a y e r s  on t h e  wa l l  p rec luded  d e f i n i t i v e  
expe r imen t s .  
The e f f e c t s  o f  wa l l  l e a k a g e  and c o n d u c t i v i t y  nonuni formi-  
t i e s  on MHD g e n e r a t o r  performance were c a l c u l a t e d  a n a l y t i c a l l y .  
It was shown that these e f f e c t s  cou ld  v e r y  s e r i o u s l y  degrade  
per formance ,  p a r t i c u l a r l y  f o r  h igh  v a l u e s  of t h e  H a l l  pa rame te r .  
The p r o p e r t i e s  o f  a two- tempera ture ,  p a r t i a l l y  i o n i z e d  
plasma have been ana lyzed  t h e o r e t i c a l l y  by means of a s p h e r i c a l -  
harmonic expans ion  o f  t h e  e l e c t r o n  Boltzmann e q u a t i o n .  I n  
t h e  c a s e  where n o n e l a s t i c  c o l l i s i o n s  a r e  n e g l e c t e d ,  t h e  t r a n s i -  
t i o n  of t h e  d i s t r i b u t i o n  f u n c t i o n  from the w e a k - i o n i z a t i o n  form 
to an  e l e v a t e d - t e m p e r a t u r e  Maxwellian has been demons t r a t ed  
n u m e r i c a l l y .  Var ious  plasma reg imes  have been d e l i n e a t e d .  
Under t h e  expe r imen ta l  c o n d i t i o n s  o f  Kerrebrock  and Hoffman* 
and Cool and Zukoski**, no s i g n i f i c a n t  d e p a r t u r e s  from a 
Maxwellian d i s t r i b u t i o n  are p r e d i c t e d  by t h e s e  numer i ca l  
s o l u t i o n s .  I n  a d d i t i o n ,  t he  r a t e  e q u a t i o n s  f o r  t h e  e l e c t r o n  
d e n s i t y ,  coupled w i t h  t h e  s o l u t i o n  of t h e  Boltzmann e q u a t i o n ,  
have been used t o  s t u d y  d e v i a t i o n s  from t h e  Saha e q u a t i o n .  
P r e l i m i n a r y  r e s u l t s  showing l a r g e  d e v i a t i o n s  f o r  some c a s e s  
have been o b t a i n e d  t o  d a t e .  
When a p a r t i a l l y  i o n i z e d  g a s  i s  s u b j e c t e d  to a p p l i e d  
e l e c t r i c  and magnetic f i e l d s ,  E and B r e s p e c t i v g l y ,  t h e  
r e s u l t i n g  c 2 r r e n t  d e n g i t y  i s  
where B = BB, E" = - -  E.B, and E l  = E - E".  
t h a t  t h e  e l e c t r o n  mass i s  much less  t h a n  t h e  mass of  any other 
p a r t i c l e ,  i t  h a s  been shown f i r s t  t h a t  t h e  c o n v e n t i o n a l  Chapman- 
Enskog c a l c u l a t i o n  of  t h e  t e n s o r  c o n d u c t i v i t y  (o",  01, aH) may 
be c o n s i d e r a b l y  s i m p l i f i e d  s o  as to r e q u i r e  t h e  i n v e r s i o n  o f  
m a t r i c e s  whose o r d e r  depends o n l y  on t h e  d e g r e e  of  t h e  a p p r o x i -  
mat ion,  b u t  whose o r d e r  i s  independen t  o f  t h e  number o f  s p e c i e s .  
Secondly,  a mixture  r u l e  has been proposed  f o r  t h e  c a l c u l a t i o n  
of 01 and aH, which s i m p l i f i e s  t h e  n e c e s s a r y  computa t ion  even 
more. (The Hall. pa rame te r  i s  t h e n  a l s o  o b t a i n e d  as t h e  r a t i o  
@ E a H / O L . )  For a wide r ange  of speed-dependent  c o l l i s i o n  
c r o s s  s e c t i o n s  and Hal l  p a r a m e t e r s ,  and f o r  a l l  d e g r e e s  of 
i o n i z a t i o n ,  i t  has been shown t h a t  t h e  proposed  m i x t u r e  r u l e  
y i e l d s  r e s u l t s  which are w i t h i n  a f a c t o r  o f  a b o u t  15% of  t h e  
more a c c u r a t e  Chapman-Enskog results. 
s =  a"E" - - + a l E L  + OH BxE , 
Using t h e  f a c t  
* 
**  A I A A  J .  - 2 ,  1080 ( 1 9 6 4 ) .  
S i x t h  Symposium on Eng inee r ing  Aspec ts  of  M H D  (1965) 
I 
C a l c u l a t i o n s  of  t h e  performance of an  MHD g e n e r a t o r  w i t h  
segmented e l e c t r o d e s  have p r e v i o u s l y  been performed unde r  t h e  
assumpt ion  o f  a un i fo rm e l e c t r i c a l  c o n d u c t i v i t y .  These c a l -  
c u l a t i o n s  have shown t h a t  t h e  p r e s e n c e  o f  a t r a n s v e r s e  magnet ic  
f i e l d  leads to a s e v e r e  c o n c e n t r a t i o n  o f  c u r r e n t  a t  one edge 
o f  e a c h  e l e c t r o d e .  If t h i s  s i t u a t i o n  were i n  f a c t  t o  o c c u r ,  
i t  would lead to a s e v e r e  nonun i fo rmi ty  i n  t h e  e l e c t r i c a l  con- 
d u c t i v i t y  and t h e r e b y  would l e a d  t o  t h e  q u e s t i o n  of t he  s i g n i -  
f i c a n c e  of  c o n s t a n t  c o n d u c t i v i t y  c a l c u l a t i o n s .  I n  t h e  p r e s e n t  
s t u d y ,  c a l c u l a t i o n s  were t h e r e f o r e  performed on the e f f e c t  of  
nonuniform e l e c t r i c a l  c o n d u c t i v i t y  on segmented-genera tor  p e r -  
formance.  Two k i n d s  o f  c a l c u l a t i o n s  were per formed.  I n  t h e  
f i r s t ,  c o n d u c t i v i t y  p r o f i l e s  were s p e c i f i e d ;  i n  t he  second,  
a s e l f - c o n s i s t e n t  c a l c u l a t i o n  was performed i n  which t h e  e l e c -  
t r i c a l  c o n d u c t i v i t y  was de termined  th rough  t h e  e l e c t r o n  ene rgy  
e q u a t i o n  and t h e  Saha e q u a t i o n  a t  t h e  e l e c t r o n  t e m p e r a t u r e .  
The r e s u l t s  o f  b o t h  k i n d s  of c a l c u l a t i o n s  showed t h a t  non- 
u n i f o r m i t i e s  l e a d  t o  a d e t e r i o r a t i o n  i n  g e n e r a t o r  per formance .  
With a low c o n d u c t i v i t y  l a y e r  o f  gas a d j a c e n t  to t h e  e l e c t r o d e  
s u r f a c e ,  t he  c o n c e n t r a t i o n  of c u r r e n t  d e n s i t y  d i s t r i b u t i o n  i s  
r educed ,  and t h i s  r e s u l t  i s  c o n s i s t e n t  w i t h  e x p e r i m e n t a l  e v i -  
dence .  For t h e  second type  of  c a l c u l a t i o n ,  i t  was shown t h a t  
t h e  gove rn ing  e q u a t i o n s  change from b e i n g  e l l i p t i c  t o  b e i n g  
h y p e r b o l i c  when t h e  H a l l  parameter exceeds  a v a l u e  of  abou t  
one .  The c o n d i t i o n  f o r  t h i s  change i n  c h a r a c t e r  of t he  equa-  
t i o n s  was shown t o  cor respond to t h e  o c c u r r e n c e  o f  a p h y s i c a l  
i n s t a b i l i t y ,  i n  which t h e  r a t e  o f  J o u l e  h e a t i n g  of t h e  e l e c t r o n s  
exceeds  t h e  r a t e  a t  which t h e  e l e c t r o n s  can  t r a n s f e r  ene rgy  t o  
t h e  heavy p a r t i c l e s .  
2.0 INTRODUCTION 
The g e n e r a t i o n  of  magnetohydrodynamic power by u t i l i z i n g  
a seeded  n o b l e  gas has met w i t h  remarkable d i f f i c u l t i e s  con-  
s i d e r i n g  the  s i m p l i c i t y  of t h e  c o n c e p t .  I n  1961, Kerrebrock  [l] 
d e s c r i b e d  a phenomenon which would p e r m i t  e l e c t r o n  t e m p e r a t u r e s  
g rea te r  t h a n  heavy p a r t i c l e  t e m p e r a t u r e s  i n  t h e  p r e s e n c e  of  a n  
e l e c t r i c  f i e l d ,  p rov ided  t h a t  e l e c t r o n - h e a v y  p a r t i c l e  c o l l i s i o n s  
were e n e r g e t i c a l l y  i n e f f i c i e n t  even f o r  a tmosphe r i c  p r e s s u r e  
p lasmas .  T h i s  concep t  as shown by S u t t o n  [2] h o l d s  promise o f  
lower  gas t e m p e r a t u r e s  for s a t i s f a c t o r y  e l e c t r i c a l  c o n d u c t i v i t i e s  
and power d e n s i t i e s .  Consequent ly ,  many blow-down and l o o p  
expe r imen t s  [ 3 , 4 , 5 , 6 ]  were i n i t i a t e d ,  and none has shown p e r -  
formance approach ing  t h a t  p r e d i c t e d  by t h e  1961 t h e o r y .  Reasons 
have been s u g g e s t e d  f o r  t h i s  d i s a p p o i n t i n g  performance and 
e l e c t r o d e  c u r r e n t  c o n c e n t r a t i o n s  r e l a t e d  t o  t he  H a l l  pa rame te r  
w i t h  a s s o c i a t e d  i n t e r n a l  s h o r t i n g  [7] have been s e r i o u s l y  con-  
s i d e r e d .  
The research program d e s c r i b e d  i n  t h i s  r e p o r t ,  which was 
i n i t i a t e d  on 28 September 1964 f o r  a p e r i o d  of  two y e a r s ,  was 
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under t aken  t o  make d i a g n o s t i c  i n v e s t i g a t i o n s  i n  f l o w i n g  plasmas 
similar t o  t h o s e  used  i n  noble-gas  MHD g e n e r a t o r s .  I n  p a r t i -  
c u l a r  i t  was d e s i r e d  t o  s p a t i a l l y  r e s o l v e  plasma p r o p e r t i e s  
such  as e l e c t r o n  t empera tu re  and d e n s i t y .  A l so ,  i t  was d e s i r e d  
t o  c o n s t r u c t  a seeded ,  noble-gas  M H D  g e n e r a t o r  and t o  measure 
e l e c t r i c  f i e l d s  and c u r r e n t  d i s t r i b u t i o n s  unde r  o p e r a t i n g  
c o n d i t i o n s .  Good s u c c e s s  was ach ieved  i n  s p a t i a l l y  r e s o l v e d  
e l e c t r o n  t empera tu re  measurements and i n  c a l c u l a t i o n  of c u r -  
r e n t  d i s t r i b u t i o n  and plasma p r o p e r t i e s .  I n  common w i t h  e f f o r t s  
a t  o t h e r  l a b o r a t o r i e s ,  s u c c e s s f u l  o p e r a t i o n  of a nob le -gas  M H D  
g e n e r a t o r  was n o t  ach ieved  i n  t h e  c o n t r a c t  p e r i o d ,  a l t h o u g h  
o p e n - c i r c u i t  v o l t a g e s  as h i g h  as 1 2  v o l t s  and s h o r t - c i r c u i t  
c u r r e n t s  as h igh  as 0.04 amperes p e r  e l e c t r o d e  p a i r  were r e -  
corded .  Cons ide rab le  t e c h n i c a l  d i f f i c u l t y  was encoun te red  
w i t h  conduct ing  l a y e r s  formed by r e a c t i o n  of  a g a s  i m p u r i t y  
( t u n g s t e n  f r o m  t h e  plasma s o u r c e )  and t h e  MHD channe l  wal l  
m a t e r i a l .  
The body o f  t h i s  r e p o r t  d e s c r i b e s  b o t h  t h e  e x p e r i m e n t a l  
and t h e o r e t i c a l  work conducted d u r i n g  the  r e s e a r c h  program 
and i s  r e p o r t e d  i n  d e t a i l  i n  Q u a r t e r l y  P r o g r e s s  R e p o r t s  [8-141. 
Most of  t h i s  work was c a r r i e d  o u t  by g r a d u a t e  s t u d e n t s  who 
made ve ry  s i g n i f i c a n t  c o n t r i b u t i o n s  t o  t h e  program. These 
s t u d e n t s  were G .  F. H o h n s t r e i t e r ,  J .  L. Kurz, F. H. Morse, 
D.  A .  O l i v e r ,  S. S c h w e i t z e r ,  J .  F. Shaw, and J .  R .  Viegas .  
I n  a d d i t i o n ,  s t a f f  members of t h e  Plasma Gasdynamics Labor- 
a t o r y ,  Dr. W .  V. Simpkinson, M r .  John  R.  McLean, M r .  John  C .  
C u t t i n g ,  and Mr. Frank Levy, were e s s e n t i a l  t o  t h e  p r o g r e s s  
made. F i n a l l y ,  t h e  a s s i s t a n c e  of  M r .  N .  John  S t e v e n s ,  NASA 
T e c h n i c a l  Manager, i s  g l a d l y  acknowledged. 
3.0 EXPERIMENTAL PROGRAM 
3 .1  S p e c t r o s c o p i c  Measurements 
W i t h  t h e  o b j e c t i v e  of the  s p a t i a l l y  r e s o l v e d  measure- 
ment of  e l e c t r o n  t empera tu re  and e l e c t r o n  d e n s i t y ,  a v a r i e t y  
of s p e c t r o s c o p i c  t e c h n i q u e s  were i n v e s t i g a t e d .  A g e n e r a l  d i s -  
c u s s i o n  of such measurements and a d e t a i l e d  l i s t  o f  r e f e r e n c e s  
a r e  g i v e n  by G r i e m  [l5]. The Jarrell-Ash s c a n n i n g  monochromator 
was used  w i t h  t h e  small seeded  flame o f  t h e  Perkin-Elmer b u r n e r  
and w i t h  t h e  argon plasma f a c i l i t y  t o  assess t h e  u t i l i t y  of  
t h e  v a r i o u s  methods unde r  t h e  plasma c o n d i t i o n s  of  i n t e r e s t .  
I n i t i a l  e l e c t r o n - t e m p e r a t u r e  measurements employed sod ium- l ine  
r e v e r s a l  [ll]. Although t h i s  method was s a t i s f a c t o r y  a p p l i e d  
t o  l o c a l  measurements, i t  was found t h a t  s p a t i a l  r e s o l u t i o n  of 
e l e c t r o n  t empera tu re  was more r e a d i l y  o b t a i n e d  by means of 
t h e  I n t e r f e r e n c e - F i l t e r  Pho tograph ic  t e c h n i q u e  which i s  d i s -  




With r e s p e c t  t o  e l e c t r o n - d e n s i t y  measurements, a r o t a t i n g  
q u a r t z  r e f r a c t o r  p l a t e  assembly was des igned  and b u i l t  [ 1 2 ]  
f o r  u s e  w i t h  measurements of S t a r k  b roaden ing  and s h i f t i n g .  
It was found,  however, t h a t  under  t h e  p e r t i n e n t  plasma cond i -  
t i o n s  p r o f i l e  measurements on t h e  weak l i n e s  f o r  which t h e  
S t a r k  e f f e c t  i s  t h e  dominant b roaden ing  mechanism were n o t  
s u c c e s s f u l .  The problem was due t o  e x c e s s i v e  d a r k  c u r r e n t  
n o i s %  i n  t h e  p h o t o m u l t i p l i e r .  
-100 C and l i m i t i n g  t h e  bandwidth improved t h e  s i t u a t i o n ,  
b u t  n o t  enough t o  make meaningful  p r o f i l e  measurements.  None- 
t h e l e s s ,  t h e  r e f r a c t o r  p l a t e  assembly has proved a u s e f u l  t o o l  
i n  t h e  o t h e r  s p e c t r o s c o p i c  measurements.  A s  an a l t e r n a t e  
approach  t o  t h e  e l e c t r o n - d e n s i t y  problem, a b s o l u t e  l i n e - i n t e n s i t y  
measurements were i n v e s t i g a t e d  [l3 3 .  T h i s  method r e l i e s  on 
t h e  tendency  of  t h e  h i g h e r - l y i n g  s t a t e s  i n  t h e  a l k a l i - m e t a l  
a toms i n  q u e s t i o n  t o  be i n  l o c a l  c o l l i s i o n a l  e q u i l i b r i u m  w i t h  
f r e e  e l e c t r o n s ,  whether  o r  n o t  t he  f r e e  e l e c t r o n s  a r e  i n  l o c a l  
e q u i l i b r i u m  w i t h  t h e  ground s ta te .  The i n t e n s i t i e s  o f  f i f t e e n  
m u l t i p l e t s  f r o m  t h e  s p e c t r a  of scdium and po ta s s ium were 
measured i n  t h e  f lame produced by the  Perkin-Elmer b u r n e r ,  and 
a s u c c e s s f u l  a b s o l u t e - i n t e n s i t y  measurement of t h e  N a  8183- 
8 1 9 4  l i n e s  was made i n  a f u l l - s c a l e  argon-plasma exper iment  [ 1 4 ] .  
Although t h e  method appea r s  f e a s i b l e ,  i t  was n o t  p o s s i b l e  i n  
t h e  t i m e  a v a i l a b l e  t o  apply  i t  t o  t h e  i n t e n d e d  a p p l i c a t i o n s .  
Cool ing  t h e  p h o t o m u l t i p l i e r  t o  
The most u s e f u l  s p e c t r o s c o p i c  t e c h n i q u e  i n v e s t i g a t e d  was 
t h e  I n t e r f e r e n c e - F i l t e r  Photographic  ( I F P )  method [ 1 2 ] .  By 
means of t h e  IFP method, s p a t i a l l y  r e s o l v e d  e l e c t r o n - t e m p e r a t u r e  
measurements a r e  p o s s i b l e  o v e r  t h e  e n t i r e  plasma area a v a i l -  
a b l e  f o r  o b s e r v a t i o n  a t  a g i v e n  i n s t a n t  of t ime.  I n  t h i s  
method a narrow-band-pass i n t e r f e r e n c e  f i l t e r  i s  mounted i n  
t h e  o p t i c a l  system between the plasma s o u r c e  and a s p e c t r o -  
s c o p i c  p l a t e  t o  be exposed by means of a 4" x 5" camera.  The 
i n t e r f e r e n c e  f i l t e r  p a s s e s  o n l y  t h e  r a d i a t i o n  e m i t t e d  by the  
s p e c t r a l  l i n e s  under  c o n s i d e r a t i o n  and t h u s  s e r v e s  t h e  same 
purpose  as the  spec t romete r .  When a photograph  i s  t a k e n  o f  
t h e  plasma th rough  t h e  a p p r o p r i a t e  l e n s  system, t h e  r e s u l t i n g  
image on t h e  s p e c t r o s c o p i c  p l a t e  i s  a r e c o r d  o f  t h e  p o i n t - t o -  
p o i n t  e m i s s i o n  of the  plasma. From mic rodens i tome te r  t r a n s -  
m i s s i o n  measurements t aken  ove r  t h e  developed s p e c t r o s c o p i c  
p l a t e ,  r e l a t i v e  t empera tu re  measurements can  be deduced u s i n g  
t h e  e q u a t i o n s  developed i n  Refe rence  ll.* C a l i b r a t i o n  of  t h e  
i n d i v i d u a l  s p e c t r o s c o p i c  p l a t e s  i s  o b t a i n e d  by means of a 
s p e c i a l l y  c o n s t r u c t e d  s t e p  f i l t e r  of  vacuum-deposited chromium 
on g l a s s  and by u s e  on t h e  v a r i o u s  p l a t e s  of a c a l i b r a t i o n  mark 
from a s t a n d a r d  i n t e n s i t y  s o u r c e .  The IFP method r e s u l t s  i n  
a " t e m p e r a t u r e  photograph" o f  t h e  plasma,  combining photo-  
g r a p h i c  f low v i s u a l i z a t i o n  w i t h  r e l a t i v e  t e m p e r a t u r e  measure- 
ments.  Such e l e c t r o n - t e m p e r a t u r e  d i s t r i b u t i o n s  can  be used  
i n  c o n j u n c t i o n  w i t h  vo l t age -p robe  measurements and t h e  e l e c t r o n -  
ene rgy  e q u a t i o n  t o  i n f e r  c u r r e n t - d e n s i t y  d i s t r i b u t i o n s .  
*The d a t a - r e d u c t i o n  t e c h n i q u e s  i n  c u r r e n t  u s e  are similar b u t  
somewhat more r e f i n e d  than  t h o s e  d i s c u s s e d  i n  Refe rence  11. 
5 
Labora to ry  expe r imen t s  w i t h  t h e  Perkin-Elmer b u r n e r  and 
a wa te r - coo led  s t a i n l e s s - s t e e l  t u b e  have shown t h a t  exposure  
times f o r  103F s p e c t r o s c o p i c  p l a t e s  a re  of  t he  o r d e r  of 1/10 
t o  1/50 second,  t h u s  p e r m i t t i n g  some time r e s o l u t i o n  of  t he  
t e m p e r a t u r e  f i e l d .  
v a l u e s  by means o f  t h e  IFP method and r e v e r s a l - t e m p e r a t u r e  
measurements was v e r y  good, and t e m p e r a t u r e  p r o f i l e s  obse rved  
compared v e r y  f a v o r a b l y  t o  v a l u e s  o b t a i n e d  by the  s p e c t r o m e t e r -  
p h o t o g r a p h i c  method t a k e n  a t  t h e  same time [12]. 
The c o r r e l a t i o n  between measured t e m p e r a t u r e  
The a p p l i c a b i l i t y  of  t h e  IFP method was s u p p o r t e d  by two 
t h e o r e t i c a l  s t u d i e s .  The r e l a t i o n s h i p  of t h e  p o p u l a t i o n  tem- 
p e r a t u r e  f o r  the uppe r  s t a t e  of t h e  Na 5890 r e s o n a n c e  l i n e s ,  
u sed  f o r  t h e  most e x t e n s i v e  IFP measurements,  t o  t he  e l e c t r o n  
t e m p e r a t u r e  was i n v e s t i g a t e d  by means of  the c o l l i s i o n a l  and 
r a d i a t i v e  r a t e  e q u a t i o n s  f o r  t h a t  s t a t e  [12]. It was found 
t h a t  f o r  t h e  s m a l l  v a l u e s  of  t h e  r e s o n a n c e - r a d i a t i o n  e s c a p e  p a r a -  
meter f o r  c o n d i t i o n s  of i n t e r e s t ,  t he  d e p a r t u r e  of  t h e  Na 5890 
p o p u l a t i o n  t e m p e r a t u r e  T from t h e  e l e c t r o n  t e m p e r a t u r e  i s  
small", whether  or n o t  the  plasma i s  o t h e r w i s e  i n  l o c a l  e q u i l i b -  
r ium. I n  t he  second s t u d y ,  t he  i n f l u e n c e  of t e m p e r a t u r e  boundary 
l a y e r s  on r e l a t i v e  l i n e  i n t e n s i t i e s ,  and hence t h e  IFP method, 
was a s s e s s e d  by means of  a n u m e r i c a l  s o l u t i o n  o f  t h e  e q u a t i o n  
o f  r a d i a t i v e  t r a n s f e r  f o r  t h e  N a  5890 r e s o n a n c e  l i n e s .  V a r i o u s  
n o n i s o t h e r m a l  t e m p e r a t u r e  d i s t r i b u t i o n s  and n o n u n i f o r m i t i e s  i n  
s e e d  d e n s i t y  c o r r e s p o n d i n g  to p o s s i b l e  e x p e r i m e n t a l  c o n d i t i o n s  
were c o n s i d e r e d .  The i n t e n s i t y  o f  r a d i a t i o n  emi t t ed  from t h e  
plasma was c a l c u l a t e d  as a f u n c t i o n  o f  wave leng th  t h r o u g h o u t  
the  p r o f i l e  of t h e  l i n e s .  Although,  as e x p e c t e d ,  t h e  a b s o l u t e  
i n t e n s i t y  e m i t t e d  was found t o  depend s t r o n g l y  on t h e  nonuni -  
f o r m i t i e s ,  c a l c u l a t e d  r e l a t i v e  i n t e g r a t e d  i n t e n s i t i e s  for 
r e a s o n a b l e  c o n d i t i o n s  were i n  remarkable agreement  w i t h  t h e  
r e l a t i v e  v a l u e s  of t o t a l  e m i s s i o n  unde r  c o n d i t i o n s  i n  t he  c o r e  
of the  plasma.  
measurements i n h e r e n t  i n  t h e  IFP method are i n s e n s i t i v e  t o  
such  boundary - l aye r  v a r i a t i o n s .  
P 
Thus t h e s e  r e s u l t s  i n d i c a t e  t ha t  t h e  r e l a t i v e  
IFP measurements of s p a t i a l l y  r e s o l v e d  e l e c t r o n  temper-  
a t u r e  were made unde r  a v a r i e t y  of e x p e r i m e n t a l  c o n d i t i o n s ,  
f i r s t  w i t h  t h e  Perkin-Elmer b u r n e r  and t h e n  i n  c o n n e c t i o n  w i t h  
f u l l - s c a l e  argon-plasma e x p e r i m e n t s .  Both  t he  N a  5890 r e s o n a n c e  
l l n e s  and t h e  t r a n s p a r e n t  Na 8183 l i n e s  were used .  
t o  t h e  agreement n o t e d  p r e v i o u s l y  between r e l a t i v e - t e m p e r a t u r e  
measurements u s i n g  IFP and r e v e r s a l  methods,  t e m p e r a t u r e  d i s t r i -  
b u t i o n s  unde r  z e r o - c u r r e n t  c o n d i t i o n s  i n  t h e  a rgon  f a c i l i t y  
o b t a i n e d  by t h e  IFP method were found to c o r r e s p o n d  c l o s e l y  
t o  d i s t r i b u t i o n s  measured by means of h i g h - t e m p e r a t u r e  
c o u p l e s .  
I n  a d d i t i o n  
thermo- 
T y p i c a l  r e s u l t s  from t h e  IFP measurements  are  shown i n  
F i g u r e s  1 th rough  6 .  
n e c t i o n  w i t h  a g a s - d i s c h a r g e  expe r imen t  u s i n g  a n  e x t e r n a l l y  
These measurements were made i n  con-  
*Revised v a l u e s  of t h e  p a d i a t i o n - e s c a p e  p a r a m e t e r ,  c a l c u l a t e d  
by t h e  method o f  H o l s t e i n  [16], were found to be s u b s t a n t i a l l y  
g r e a t e r  t h a n  t h o s e  of R e f e r e n c e  12. 
h e r e i n  are  c o r r e c t e d  a c c o r d i n g l y  f o r  t h e  r e l a t i v e l y  small 
d i f f e r e n c e  between T and Te 
The r e s u l t s  p r e s e n t e d  
P i, 
I -  
J 
applied electric field and a 0.1 per cent potassium-seeded 
argon plasma at one akmosphere pressure, a gas temperature 
of approxiEately 2000 K, and electrode temperatures of approxi- 
mately 900 K. Figures 1 and 2 show a photographic reproduc- 
tion of the IFP spectroscopic plate and temperature contours 
obtained therefrom, under conditions of zero applied field. 
Figures 3 and 4 were obtained under prebreakdown conditions 
of 80 volts and ,060 amps. Figures 5 and 6 show the discharge 
and temperature contours after breakdown at 104 volts and 4.90 
amps. 
3.2 Microwave Measurements of Electron Density in an 
Expanding Flow 
The purpose of this investigation was to determine 
experimentally the axial profile of the electron number den- 
sity in a weakly ionized, seeded argon gas expanding through 
a nozzle. The following assumptions were made in the theoreti- 
cal analysis: 
(1) The flow of the argon gas is steady, adiabatic, 
inviscid, and one-dimensional. 
(2) Recombination occurs in the gas phase only; surface 
recombination and electron attachment are neglected. 
(3) The expansion begins from an equilibrium condition 
in the stagnation region. 
In addition, it was assumed that the ionization and recombination 
reactions of the seed are uncoupled from the flow. This assump- 
tion is justified for weakly ionized gases. In this case a 
one-dimensional isentropic solution for the expansion of the 
argon through the nozzle provides the temperature and pressure 
profiles. As the gas flows downstream the temperature and 
pressure fall and the balance between ionization and recombi- 
nation shifts in favor of recombination. If the recombination 
reaction rate is sufficiently fast, the electron number density 
will be approximately that given by the equilibrium Saha equa- 
tion at this local temperature and pressure. If the recombina- 
tion reaction rate is relatively slow, the electron-number-. 
density profile tends to level off, or freeze, resulting in 
a profile between that corresponding to the stagnation tem- 
perature and that corresponding to the considerably lower 
equilibrium profile. 
This nonequilibrium profile may be obtained by solving 
the electron conservation equation with an appropriate ioniza- 
tion-recombination rate equation. It was assumed that the 
dominant reactions are electron-atom ionization and three- 
body recombination 
e + K Z. e + e + K+ 
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Tlef= 1686 O K  
I = 0 AMPERE, V = O  VOLT, - 5 8 9 0 i  
F i g u r e  2. Temperature c o n t o u r s  a t  z e r o  c u r r e n t .  
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I= 0.060 AMPERE, V= 80 VOLTS, k8183d 
Figure 4. Temperature contours ,  prebreakdown discharge.  
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' K  
ref = 2260OK Te 
I= 4.90 AMPERES, V =  104 VOLTS, k5890i 
Figure 6. Temperature contours, postbreakdown discharge. 
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whPre K and K* r e p r e s e n t  t h e  seed atom and i o n  r e s p e c t i v e l y .  
T h e  r a t e  e q u a t i o n  i s  t h e r e f o r e  
where a i s  a r ecombina t ion  r a t e  c o e f f i c i e n t  and Kc i s  t h e  
e q u i l i b r i u m  c c n s t a n t .  T h i s  e q u a t i o n ,  w i t h  t h e  e l e c t r o n  con-  
s e r v a t i o n  eq lJa t ion ,  r e s u l t s  i n  an e q u a t i o n  f o r  t h e  e l e c t r o n  
n u m b e r  d e n s i t y  prcfile, o f  t h e  form 
( r e c o m b i n a t i o n )  ( i o n i z a t i o n )  
where (3 i s  t h e  d e g r e e  o f  i o n i z a t i o n ,  M i s  t h e  Mach number, 
y i s  t h e  s p e c i f i c  heat  r a t i o ,  r i s  t h e  power of t h e  tempera-  
t u r e ,  Vi  i s  t h e  i o n i z a t i o n  p o t e n t i a l  of t he  s e e d ,  and A 
a u d  B a r e  c o n s t a n t s .  
An approximate s o l u t i o n  t o  t h i s  e q u a t i o n  may be  o b t a i n e d  
by , jssurnipg t h s t  
wtiere @,(M) i s  the  known e q u i l i b r i u m  d e g r e e  of  i o n i z a t i o n  
Atid B ( M )  i s  t h e  degree  of  i o n i z a t i o n  o b t a i n e d  by s o l v i n g  
E q .  ( 7 )  w i t h  B = 0, t h a t  i s ,  f o r  p u r e  r e c o m b i n a t i o n .  F o l -  
lowing B ~ a y  [17] t h e  v a l u e  for MF i s  found by e q u a t i n g  the  
r d t e  o f  change of t h e  e q u i l i b r i u m  d e g r e e  o f  i o n i z a t i o n  t o  
i-t-ie r a t e  o f  chsnge o f  t h e  deg ree  o f  i o n i z a t i o n  due o n l y  t o  
r e c o m b i r i a t i ~ n ~  I t  c a n  be shown t h a t  t h i s  approx ima te  s o l u t i o n  
jL: a lower b m n d  t o  t h e  e x a c t  s o l u t i o n  and t h e r e f o r e  p r o v i d e s  
d c c n s e r v a t i v e  es t imate  o f  the d e g r e e  of  i o n i z a t i o n .  
The resubts  of t h i s  s o l u t i o n ,  f o r  a s t a g n a t i o n  temper-  
d t u r e  o f  2000 K ,  a r e  shown i n  F i g u r e  7 ,  which p r e s e n t s  t h e  
c_ l e c t r o n  number d e n s i t y  and e l e c t r i c a l  c o n d u c t i v i t y  as a 
f o n c t i c n  of  t h e  l o c d 1  argon Mach number. The r e c o m b i n a t i o n  
r a t e  c o e f f i c i e n t  g i v e n  by Hinnov and H i r s c h b e r g  [18] was used  
It, can  be seen  t h a t  t h e  e l e c t r o n  number d e n s i t y  and e l e c t r i -  
c i : l  c o ~ d u c t ~ i v i t y  f r e e z e  o u t  a t  M - 0 .39 ,  r e s u l t i n g  i n  a con-  
d u c t i v i t y  of 9 mho/m a t  M = 1.5. 
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F i g u r e  7 .  Degree of i o n i z a t i o n  and e l e c t r i c a l  c o n d u c t i v i t y  
of an  argon-cesium plasma as a f u n c t i o n  o f  a rgon  
Machonumber, f o r  a s t a g n a t i o n  t empera tu re  of 
2000 K, s t a g n a t i o n  p r e s s u r e  o f  15 p s i g ,  and 
0 . 2  p e r c e n t  by weight  cesium s e e d .  
Microwave Measurements 
I n  o r d e r  t o  t e s t  these  c a l c u l a t i o n s ,  expe r imen t s  were 
u n d e r t a k e n  t o  measure t he  e l e c t r o n  number d e n s i t y  u s i n g  
microwaves [19]. P r i o r  t o  t h e  comple t ion  of t h e  seeded a rgon  
plasma f a c i l i t y ,  p r e l i m i n a r y  expe r imen t s  were conducted  u s i n g  
a seeded  combustion gas expanding  t h r o u g h  a c o n v e r g i n g - d i v e r g i n g  
n o z z l e  i n t o  the  a tmosphere ,  i n  t h e  form of a f r e e  j e t .  T h i s  
j e t  pas sed  between a p a i r  of' wa te r - coo led  microwave ho rns  
l o c a t e d  s e v e r a l  i n c h e s  downstream o f  t h e  n o z z l e  e x i t .  A c r y s t a l  
d e t e c t o r  was used  t o  measure t h e  a t t e n u a t i o n  of two d i f f e r e n t  
f r e q u e n c y  R-band ( 8 - m m  wavelength)  microwave s i g n a l s  as t h e y  
p a s s e d  th rough  t h e  plasma.  From these  measurements t h e  e l e c t r o n  
number d e n s i t y  and c o l l i s i o n  f r e q u e n c y  were o b t a i n e d .  Although 
t h e  measured e l e c t r o n  number d e n s i t y  and c o l l i s i o n  f r e q u e n c y  
ag reed  w i t h  t h e  p r e d i c t e d  v a l u e s  t o  w i t h i n  a f a c t o r  of two, 
t h e  p r e s e n c e  of  the n o n e q u i l i b r i u m  e f f e c t  c o u l d  n o t  be obse rved  
p r i m a r i l y  because of  t h e  d i f f i c u l t y  i n  a c h i e v i n g  a s h o c k - f r e e  
j e t  a t  a Mach number o f  1 . 5  and t h e  v e r y  low v a l u e  of  t he  s p e c i -  
f i c  heat  r a t i o  of t h e  combust ion gas. I n  a d d i t i o n ,  u n c e r t a i n -  
t i e s  i n  d e t e r m i n i n g  t h e  s t a g n a t i o n  gas t e m p e r a t u r e  due t o  
t r a n s i e n t  h e a t i n g  o f  the  plenum b r i c k s  p r e v e n t e d  a n  a c c u r a t e  
e s t i m a t i o n  of t h e  s t a g n a t i o n  e l e c t r o n  number d e n s i t y .  
A s  a r e s u l t  o f  t h e s e  t e s t s ,  i t  was concluded  t h a t  the  
u s e  of  microwaves as a d i a g n o s t i c  t o o l  c o u l d  e n a b l e  measure-  
ments o f  t h e  e l e c t r o n  number d e n s i t y  and e l e c t r o n  c o n d u c t i -  
v i t y  t o  a t  l e a s t  w i t h i n  a f a c t o r  o f  two. It was a l s o  con-  
c l u d e d  t h a t  s imul t aneous  microwave measurement s shou ld  be 
made ups t ream and downstream of  t h e  n o z z l e  t o  e l i m i n a t e  t h e  
u n c e r t a i n t y  i n  e s t i m a t i n g  t h e  s t a g n a t i o n  e l e c t r o n  number den-  
s i t y  from gas t e m p e r a t u r e  measurements.  F i n a l l y ,  i t  was 
dec ided  that measurements shou ld  be made i n  a c h a n n e l ,  as 
opposed t o  a f r e e  j e t ,  so as t o  b e t t e r  r e p r e s e n t  t h e  a c t u a l  
c o n f i g u r a t i o n  o f  a n  a rgon  plasma MGD g e n e r a t o r ,  and t o  enhance 
t h e  p o s s i b i l i t y  o f  a c h i e v i n g  h i g h e r  Mach numbers. 
The main o b j e c t i v e  o f  t h e  e x p e r i m e n t a l  program has t h e r e -  
fore been t o  measure t h e  e l e c t r o n  number d e n s i t y  and e l e c t r o n  
c o n d u c t i v i t y  a t  b o t h  s t a g n a t i o n  and e x i t  l o c a t i o n s  u s i n g  a 
seeded a rgon  p l a s m a .  I n  o r d e r  t o  make t h e  measurement,  s p e c i a l  
s i d e  p l a t e s  were des igned  f o r  a n  e x i s t i n g  t e s t - s e c t i o n  hous ing .  
One o f  t h e s e  p l a t e s  i s  shown i l l  F i g u r e  8 .  The conve rg ing -  
d i v e r g i n g  n o z z l e  i s  l o c a t e d  between t h e  two p o r t s  which house 
t h e  microwave h o r n s .  F i g u r e  9 shows t h e  t e s t  s e c t i o n  b r i c k i n g  
w i t h  t h e  n o z z l e  s e c t i o n .  
S i n c e  t h e  magnesium-oxide ce ramic  which no rma l ly  forms 
t h e  f low channel  i s  a good d i e l e c t r i c  material ,  i t  was d e -  
c i d e d  t o  t r a n s m i t  t h e  microwave s i g n a l  t h r o u g h  thc  MgO as w e l l  
as t h e  plasma. F i g u r e  10 shows t h e  a r r angemen t  of  t h e  mic ro -  




Photograph of side plate showing upstream and 
downstream microwave ports. 
re 9. Photograph of MgO test section channel shcaing 




s i g n a l  f r e q u e n c i e s  w i t h i n  t h e  X-band (3-em wavelength)  u s e d ,  
t h e  r e f l e c t i o n  from t h e  ceramic windows, w i t h o u t  plasma,  i s  
a lmos t  z e r o ,  and t h e  t r a n s m i s s i o n  i s  a c c o r d i n g l y  a lmos t  com- 
p l e t e .  Hence, a t  these f r e q u e n c i e s  t he  i n f l u e n c e  o f  t h e  MgO 
windows was n e g l i g i b l e ,  and i t  was a t  these  c r i t i c a l  f r e q u e n -  
c i e s  t h a t  t h e  i n t e r f e r o m e t e r  measurements were made. The 
i n t e r f e r o m e t e r  measurements i n v o l v e d  t h e  comparison of t h e  
a t t e n u a t i o n  and phase  s h i f t  of t h e  microwave s i g n a l  p a s s i n g  
t h r o u g h  the  plasma to t h a t  of a r e f e r e n c e  s i g n a l .  The e l e c -  
t r o n  number d e n s i t y  and c o l l i s i o n  f r e q u e n c y  are  t h e n  o b t a i n e d  
from t h e  a t t e n u a t i o n  and phase - sh i f t  data  u s i n g  t h e o r y  developed  
for a n  i d e a l i z e d  model of t h e  p r o p a g a t i o n  of  an  e l e c t r o m a g n e t i c  
wave t h r o u g h  a plasma [20]. 
S i n c e  t h e  e l e c t r i c a l  p r o p e r t i e s  of  t he  MgO change w i t h  
t e m p e r a t u r e ,  t h e  c r i t i c a l  f r e q u e n c i e s  d r i f t  as t h e  ce ramic  
system h e a t s  up .  It was t h e r e f o r e  n e c e s s a r y  to u s e  a swept 
f r e q u e n c y  s o u r c e  to f o l l o w  these  c r i t i c a l  f r e q u e n c i e s  d u r i n g  
t h e  c o u r s e  of t h e  t e s t .  
A microwave d i a g n o s t i c  t e c h n i q u e  a l t e r n a t i v e  to t h e  i n t e r -  
f e r o m e t e r  i s  t h a t  of measuring t h e  a t t e n u a t i o n  of two micro-  
wave s i g n a l s  a t  d i f f e r e n t  f r e q u e n c i e s .  The e l e c t r o n  number 
d e n s i t y  and c o l l i s i o n  f r equency  are  t h e n  o b t a i n e d  from t h e  
two a t t e n u a t i o n  measurements u s i n g  t h e  same i d e a l i z e d  t h e o r y  
as was used  to r e d u c e  t h e  i n t e r f e r o m e t e r  data .  
The f o l l o w i n g  f low c o n d i t i o n s  were t y p i c a l  of  the  t e s t s  
conducted :  
Subsonic  Flow 
N o z z l e - t h r o a t  dimension 3.0'' x 0.31" 
Argon mass f l o w  r a t e  0.08 lbm/sec 
N a K  s e e d  f r a c t i o n  0.00; by weight 
I n l e t  s t a g n a t i o n  t empera tu re  1950 K 
Plenum p r e s s u r e  1.0 a tmospheres  
Downstream l o c a t i o n  Mach number 0 .14 
Upstream l o c a t i o n  Mach number 0.06 
SuDersonic  Flow 
Argon mass f low r a t e  0.35 lbm/sec 
N a K  seed f r a c t i o n  
I n l e t  s t a g n a t i o n  t e m p e r a t u r e  1950 K 
Plenum p r e s s u r e  1 . 9 5  a tmospheres  
Upstream l o c a t i o n  Mach number 0 . 1 4  
O.OO& by weight 
Downstream l o c a t i o n  Mach number 1.05 
F i g u r e s  11 and 12 a r e  t y p i c a l  of t he  a t t e n u a t i o n  d a t a  
t a k e n  a t  two of t he  c r i t i c a l  f r e q u e n c i e s  l o c a t e d  u s i n g  t h e  
s w e p t - s i g n a l  g e n e r a t o r .  F i g u r e  11 shows the  r e f l e c t e d  and 









t r a n s m i t t e d  s i g n a l s  a t  t he  ups t ream window b e f o r e  t h e  seed  
was i n j e c t e d  i n t o  t h e  h o t  a rgon  f low.  The two c r i t i c a l  
f r e q u e n c i e s  a r e  a t  9 . 8  Gc and 12 .1  Gc, and i t  i s  a t  one o r  
both of t h e s e  f r e q u e n c i e s  t h a t  t h e  i n t e r f e r o m e t e r  data were 
t aken .  Figuye 1 2  shows t h e  r e f l e c t e d  and t r a n s m i t t e d  s i g -  
n a l s  i n  t h e  p r e s e n c e  of plasma i n  t h e  system. The ave rage  
i n c r e a s e  i n  a t t e n u a t i o n  of t h e  s i g n a l  t r a n s m i t t e d  a t  t h e s e  
two f r e q u e n c i e s  was o b t a i n e d  f r o m  da ta  such  as t h i s .  
Using t h e  p r e v i o u s l y  mentioned i d e a l i z e d  t h e o r y  t o  r e l a t e  
t h e  measured a t t e n u a t i o n  and p h a s e - s h i f t  d a t a  t o  t h e  e l e c t r o n  
number d e n s i t y  and c o l l i s i o n  f requency ,  a comparison between 
t h e  measured and p r e d i c t e d  e l e c t r o n  number d e n s i t y  was made. 
T h i s  comparison i s  shown i n  F i g u r e  13 f o r  a t y p i c a l  t e s t  con- 
d i t  i o n .  
From comparisons such  as t h e  one shown i n  F i g u r e  13, t h e  
f o l l o w i n g  c o n c l u s i o n s  were made: 
(1) The measured e l e c t r o n  number d e n s i t y  a t  t h e  e x i t  of  
t h e  n o z z l e  was s i g n i f i c a n t l y  above t h e  l o c a l  Saha e q u i l i b r i u m  
v a l u e .  The agreement  between t h e  measured and p r e d i c t e d  e l e c -  
t r o n  number d e n s i t i e s  i s  r e a s o n a b l y  good. The r e s u l t s  i n d i -  
c a t e  t h a t  t h e r e  i s  no f a s t e r  r ecombina t ion  p r o c e s s  than  th ree-  
body recombina t ion  a c t i n g  under  t h e  r ange  of  c o n d i t i o n s  covered  
i n  t h e s e  tests. 
( 2 )  The u s e  o f  a s w e p t - s i g n a l  g e n e r a t o r  makes i t  f e a s i b l e  
t o  u s e  t h e  ceramic channe l  wal l s  as microwave windows and t o  
l o c a t e  and o p e r a t e  a t  t h o s e  c r i t i c a l  f r e q u e n c i e s  where t h e  
windows have n e g l i g i b l e  e f f e c t .  The s w e p t - s i g n a l  method 
developed f o r  t h e s e  t e s t s  p r o v i d e s  d a t a  v i a  two t e c h n i q u e s :  
t h e  i n t e r f e r o m e t e r  and t h e  a t t e n u a t i o n  a t  two f r e q u e n c i e s .  
The i n t e r p r e t a t i o n  of  t h e  microwave data s o  o b t a i n e d  u s i n g  
t ,he i d e a l i z e d  t h e o r y  was v e r i f i e d  by making p lasma- tempera ture  
measurements i n  t h e  ups t ream e q u i l i b r i u m  r e g i o n .  
A complete  r e p o r t  o f  t h e  work summarized i n  t h i s  s e c t i o n  
i s  i n  p r e p a r a t i o n .  A d d i t i o n a l  i n f o r m a t i o n  a p p e a r s  i n  R e f e r -  
e n c e s  8, 9 ,  and 12 .  
3.3 
a p p a r a t u s  
Cur ren t  and Vo l t age  Measurements i n  a Noble-Gas MHD 
Genera tor  
3.31 Exper imen ta l  Appara tus  
An open-system a r c - h e a t e d  a rgon  and he l ium 
was c o n s t r u c t e d  which p e r m i t t e d  t e s t - s e c t i o n  g a s  
t e m p e r a t u r e s  up t o  2000°K a t  b o t h  subson ic  and s u p e r s o n i c  
v e l o c i t i e s .  Run t i m e s  a t  t e s t  c o n d i t i o n s  as long  as t h i r t y  
minutes  were p o s s i b l e  a f t e r  a p r e h e a t  p e r i o d  of  abou t  f i f t e e n  
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Argon Mach Number 
Figure 13.Electron Number Density as a Function of the 
Argon Mach Number f o r  a 0.1% NaK Seeded Argon 
Plasma at 1900°K and 1.95 Atmospheres Stagnation 
Condition. 
The a p p a r a t u s  as shown s c h e m a t i c a l l y  i n  F i g u r e  1 4  and i n  
t h e  photograph  of F i g u r e  l 5  i s  d i s c u s s e d  f u l l y  i n  t he  Q u a r t e r l y  
R e p o r t s  [9 ,10 ,11 ,12 ] .  It c o n s i s t e d  o f  a Thermal Dynamics F-5000 
a rgon  a r c  h e a t e r  which d i s c h a r g e d  i n t o  a mixing chamber where 
d i l u e n t  gas, a rgon  or hel ium, was added f o r  t e m p e r a t u r e  and 
compos i t ion  c o n t r o l .  After  mixing,  t h e  gas f lowed t h r o u g h  a 
b a f f l e  i n t o  a plenum chamber where N a K  seed  was sp rayed  i n t o  
t h e  stream. The r e s i d e n c e  time i n  t h e  mixing and plenum chamber 
was abou t  10-2 second so  t h a t  thermal e q u i l i b r i u m  was a c h i e v e d  
b e f o r e  t h e  t e s t  s e c t i o n .  
Two t e s t  s e c t i o n s  were used--one w i t h  s e v e r a l  m o d i f i c a t i o n s .  
The f i r s t  t e s t  s e c t i o n ,  made o f  magnesium-oxide ce ramic ,  was 
des igned  w i t h  a s u p e r s o n i c  n o z z l e  for Mach 1 . 5 .  After t e s t i n g  
i t  was dec ided  t o  u s e  a more f l e x i b l e  b o r o n - n i t r i d e  c o n s t r u c -  
t i o n  and t o  o p e r a t e  a t  subson ic  v e l o c i t i e s .  S u p e r s o n i c  t e s t s  
were t o  be resumed a f t e r  d i f f i c u l t i e s  w i t h  d e p o s i t s  and w a l l  
e l e c t r i c a l  l eakage  w, e r e  overcome. 
The b o r o n - n i t r i d e  t e s t  s e c t i o n  proved  r e l i a b l e  a l t h o u g h  
c o n s i d e r a b l e  d i f f i c u l t y  was e x p e r i e n c e d  w i t h  a d e p o s i t ,  b l a c k  
o r  g r a y  i n  c o l o r ,  which proved c o n d u c t i n g  a t  h igh  t e m p e r a t u r e s .  
C o n s i d e r a b l e  e f f o r t  was made t o  p r o v i d e  a p u r e  g a s  t o  t he  t e s t  
s e c t i o n ,  b u t  even d u r i n g  the  l a s t  t e s t  on October  12 ,  1966,  a 
d e p o s i t  i d e n t i f i e d  t o  be l a r g e l y  t u n g s t e n  and t u n g s t e n - b o r i d e  
was found.  The d e p o s i t  problem shou ld  n o t  be u n d e r e s t i m a t e d  
as t h e  d i f f i c u l t y  i n  o b t a i n i n g  d e f i n i t i v e  nob le -gas  M H D  g e n e r a -  
t o r  performance f o r  low H a l l  c o e f f i c i e n t  has been l a r g e l y  due 
t o  t h i s  e f f e c t , .  
A s  d e s c r i b e d  i n  S e c t i o n  3.33, s e v e r a l  M H D  g e n e r a t o r  t e s t s  
were made w i t h  d i f f e r e n t  d i a g n o s t i c  equipment,, d i f f e r e n t  e l e c -  
t r o d e  c o n f i g u r a t i o n s ,  and w i t h  d i f f e r e n t  g e n e r a t o r  c o n d i t i o n s  
3.32 I n s t r u m e n t L t i o n  -
The i n s t r u m e n t a t i o n  u s e d  i n  t h e  M H D  g e n e r a t o r  
p a r t  o f  t h e  program i n c l u d e d  microwave, s p e c t r o s c o p i c ,  and 
probe  i n s t r u m e n t s  i n  a d d i t i o n  t o  t h o s e  u s e d  f o r  the  u s u a l  
f l ow,  t empera tu re ,  and p r e s s u r e  measurements .  The c o n d u c t i -  
v i t y  i n  t h e  plenum chamber befoi>e e n t e r i n g  t h e  t e s t  s e c t i o n  
was i n f e r r e d  from microwave measurements as d e s c r i b e d  i n  
S e c t i o n  3.2 and from a f o u r - p o i n t  p r o b e  t e c h n i q u e .  Repre-  
s e n t a t i v e  measured v a l u e s  are compared t o  c a l c u l a t e d  v a l u e s  
i n  Tab le  I .  
S p e c t r o s c o p i c  t e c h n i q u e s  were deve loped  f o r  measur ing  
the  e l e c t r o n  t empera tu re  wliich c o u l d  i n  t u r n  be r e l a t e d  t o  
t h e  c u r r e n t  d e n s i t y  t h r o u g h  the  e l e c t r o n  e n e r g y  e q u a t i o n .  
T h i s  method i s  r e p o r t e d  i n  S e c t i o n  3.1.  An o p t i c a l  s a p p h i r e  
window was used i n  some MHD g c n e r a t o r  e x p e r i m e n t s ,  and a s l o t  
was used  i n  o t h e r s  when i t  was found t h a t  t h e  s a p p h i r e  window 
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Seed ( N a K )  
F i g u r e  14 .  Schemat ic  Diagyam of 
Exper imen ta l  F a c i l i t y .  

TABLE I 
ELECTRICAL CONDUCTIVITY MEASUREMENTS 
(Argon w i t h  0 .1  p e r  c e n t  N a K  s e e d )  
mho/m Average rempera ture ,  OK 'talc, mho’m , ‘measured, 
1605 3 x 10-1 3.5 x 10-1 
I 
Method 












Four -poin t  
probe 
Four -poin t  
probe 
became somewhat opaque due t o  d e p o s i t s .  IFP e l e c t r o n  t e m -  
p e r a t u r e  measurements were made w i t h  a p p l i e d  e l e c t r i c  f i e l d  
and w i t h  a p p l i e d  magnetic f i e l d .  I n  no M H D  g e n e r a t o r  e x p e r i -  
ment, however, were c u r r e n t s  of s u f f i c i e n t  magnitude developed  
t o  make t h e  c u r r e n t  d i s t r i b u t i o n  o b s e r v a b l e .  The t e c h n i q u e  
i s  now a v a i l a b l e ,  but noble-gas  M H D  g e n e r a t o r  performance must 
be improved b e f o r e  c u r r e n t  d i s t r i b u t i o n  measurements a r e  pos-  
s i b l e .  
Gas t e m p e r a t u r e s  were measured by t u n g s t e n ,  t u n g s t e n -  
rhenium thermocouples  which were o f t e n  used  a l s o  as e l e c t r i c  
f i e l d  p robes .  Because of i n t e r n a l  s h o r t i n g  a l o n g  t h e  walls, 
t h e  probe d a t a  were n o t  meaningfu l .  I n  a d d i t i o n ,  numerous 
t u n g s t e n  w i r e  p robes  were used  to measure t h e  e l e c t r i c  f i e l d  
between ca thode  and anode and a l s o  i n  t h e  H a l l  d i r e c t i o n .  
E l e c t r o d e  t e m p e r a t u r e s  were measured by thermocouples  mounted 
th rough  hol low e l e c t r o d e  s tems and a t t a c h e d  to t h e  back s u r -  
f a c e  of  t h e  e l e c t r o d e s .  
P r e s s u r e  measurements i n  c o n n e c t i o n  w i t h  mass f l o w  ra tes  
and g a s  t e m p e r a t u r e  were used t o  i n f e r  g a s  v e l o c i t y  and Mach 
number. The f low reached  a Mach number of 1.5 f o r  t h e  s u p e r -  
s o n i c  t e s t ,  b u t  most  runs  were made a t  a Mach number o f  
abou t  0 .5 .  
3.33 Power-Generation R e s u l t s  
Four power-genera t ion  expe r imen t s  were made 
* 
d u r i n g  the  c o n t r a c t  p e r i o d  a l t h o u g h  many p r e l i m i n a r y  e x p e r i -  
ments f o r  o t h e r  p u r p o s e s s  such  as s p e c t r o s c o p i c  i n v e s t i g a t i o n s ,  
were conducted.  The d e t a i l e d  r e s u l t s  are g i v e n  i n  t h e  Q u a r t e r l y  
P r o g r e s s  Repor t s  [lo, 11,13,14], and a re  summarized below i n  
Table 11. 
S i n c e  t h e  t h e o r e t i c a l  o p e n - c i r c u i t  v o l t a g e  f o r  a l l  r u n s  
exceeded 30 v o l t s  and the  s h o r t - c i r c u i t  c u r r e n t  p e r  e l e c t r o d e  
c a l c u l a t e d  from s imple  t h e o r y  exceeded the  measured v a l u e  by 
s e v e r a l  t imes ,  i t  i s  c l e a r  t h a t  t h e  g e n e r a t o r  per formance  was 
s e r i o u s l y  degraded .  Wall r e s i s t a n c e  measurements made b e f o r e  
and a f t e r  t h e  t e s t  p e r i o d  while  t h e  walls were a t  t he  same 
t e m p e r a t u r e  a s  d u r i n g  t h e  t e s t  showed a s e r i o u s  d e c r e a s e  i n  
r e s i s t a n c e .  I n s p e c t i o n  a f t e r  t h e  expe r imen t  showed a d e p o s i t  
on t h e  walls which may have been t h e  c a u s e  f o r  s h o r t i n g  b o t h  
a x i a l l y  and i n  t h e  u x B d i r e c t i o n .  The consequences  of  w a l l  
s h o r t  c i r c u i t s  and c o n d u c t i v i t y  n o n u n i f o r m i t i e s  on g e n e r a t o r  
per formance  a r e  d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n .  
3.34 E f f e c t  of Wall Leakage and C o n d u c t i v i t y  Non- 
u n i f o r m i t y  on MHD G e n e r a t o r  Performance 
I n  t h e  l i m i t  i n  which t h e  e l e c t r o d e  s t r u c t u r e  
of  a l i n e a r  magnetohydrodynamic g e n e r a t o r  becomes e i t h e r  
i n f i n i t e l y  f i n e l y  segmented or c o n t i n u o u s ,  n o n u n i f o r m i t i e s  
r e s u l t i n g  f r o m  t h e  f i n i t e  s i z e  o f  e l e c t r o d e  segments  v a n i s h .  
I f  i n  a d d i t i o n  p r o p e r t y  v a r i a t i o n s  o c c u r  o n l y  the  y - d i r e c t i o n  
as shown i n  F i g u r e  16, t h e n  a l l  x - d i r e c t i o n  n o n u n i f o r m i t i e s  
v a n i s h .  I n  t h i s  l i m i t  o f  one-d imens iona l  n o n u n i f o r m i t i e s ,  
Rosa [21] has o b t a i n e d  s o l u t i o n s  t o  t h e  e l e c t r i c a l  e q u a t i o n s .  
His r e s u l t s  may be c a s e  i n  t h e  form of a " g l o b a l "  Ohm's law 
f o r  a nonuniform gas. L e t  V& r e p r e s e n t  t h e  ax ia l  v o l t a g e  
d i f f e r e n c e  i n  a g e n e r a t o r  o v e r  t h e  a x i a l  l e n g t h  ,4?, and l e t  
V '  r e p r e s e n t  t h e  t r a n s v e r s e  v o l t a g e  d i f f e r e n c e  a c r o s s  t he  
g e n e r a t o r  i n  h e i g h t  h measured i n  t h e  r e f e r e n c e  frame of  
t h e  moving gas  
and Vx a r e  t h e  t r a n s v e r s e  and a x i a l  v o l t a g e s  measured i n  t h e  
l a b o r a t o r y  f r a m e ] .  The t o t a l  c u r r e n t  f l o w i n g  i n  the t r a n s -  
v e r s e  d i r e c t i o n  a c r o s s  l e n g t h  R p e r  u n i t  d e p t h  of  c h a n n e l  i s  
deno ted  ITT, and the  n e t  ax ia l  c u r r e n t  f l o w i n g  i n  t h e  c h a n n e l  
Y 
Y 
[V; = V + B Ih u (  c)dk!,; V i  = Vx where V 
Y 0 
a c r o s s  thg  h e i g h t  h i s  di.noted Ix. R o s a ' s  r e s u l t s  may be 
r e p r e s e n t e d  i n  t e rms  o f  the  v e c t o r s  
as 
where R i s  the r e s i s t a n c e  t e n s o r  of t h e  g e n e r a t o r  and 
9 = (f?)-l 
b(V;,V;) and I'( Ix,Iy) 
71 = R.7, 7 = 3.71, ( 2 )  
i s  t h e  conductance  t e n s o r :  
* 
Most p r e p a r a t i o n s  f o r  t h e  l a s t  e x p e r i m e n t  on Oc tobe r  1 2 ,  
1966 were made d u r i n g  t h e  c o n t r a c t  p e r i o d  a l t h o u g h  t h e  
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F i g u r e  16 
*-l(o)<o-l> 
Y 
2 1+B > 
<T- 
(4) 
The t r a n s v e r s e  impedance of  t h e  g a s  i n  t h e  a b s e n c e  of  a mag- 
n e t i c  f i e l d  i s  R ( 0 )  = <5> - and 1 h  Y a 
-1 -1 G = <a><a-’> [1 + <a > ( < B 2 0 - l >  - <!3>2<a>-1)1 ( 5 )  
The a v e r a g e  < > of 
c o n t a i n s  t h e  c o u p l i n g  o f  n o n u n i f o r m i t i e s  and  t h e  Hall e f f e c t  
and  i s  e q u a l  t o  u n i t y  i n  a un i fo rm g a s .  
any  f u n c t i o n  f ( y )  i s  d e f i n e d  a s  
We s h a l l  now a p p l y  t h e  f o r e g o i n g  r e s u l t s  t o  t h e  g e n e r a -  
t o r  w i t h  wal l  l e a k a g e  t o  o b t a i n  t h e  c o u p l e d  e f f e c t s  of such  
l e a k a g e  combined w i t h  c o n d u c t i v i t y  n o n u n i f o r m i t i e s .  The 
t r a n s v e r s e  v o l t a g e  Vy and  a x i a l  v o l t a g e  Vx o f  a magnetohydro- 
dynamic g e n e r a t o r  of  l e n g t h  R and  h e i g h t  h may be r e l a t ed  t o  
t h e  t r a n s v e r s e  and  a x i a l  c u r r e n t s  Iyy 1, by t h e  e x t e r n a l  i m -  
pedances impressed  upon t h e  g e n e r a t o r :  
vx = IxRx , 
( 7 )  
V = I R  . 
Y Y Y  
The impedance R, r e p r e s e n t s  t h e  e q u i v a l e n t  r e s i s t a n c e  o f  t h e  
l o a d  and  wa l l  l e a k a g e  f o r  t h e  a x i a l  c i r c u i t ,  
s e n t s  t h e  e q u i v a l e n t  r e s i s t a n c e  of  t h e  l o a d  
f o r  t h e  t r a n s v e r s e  c i r c u i t .  L e t  t h e  w a l l  l e a k a g e  impedances 
i n  t h e  a x i a l  and t r a n s v e r s e  d i r e c t i o n s  be deno ted  by  RWx,RWy 
r e s p e c t i v e l y ,  and l e t  t h e  c o r r e s p o n d i n g  l o a d  r e s i s t a n c e s  be 
deno ted  R L ~ ,  R G ~ .  
t h e  l o a d  f o r  e l  h e r  c i r c u i t ,  w e  have  
S i n c e  t h e  w a l l  l e a k a g e  i s  i n  p a r a l l e l  w i t h  
R R  
R =  RLxRWx LY WY 
RLx+RWx 
The global O h m ' s  Law f o r  t h e  gas from (.2) i s  
V x = I R  + I R  x pxx Y PXY (9) 
+ I R  V + <uB>h = IxRpyx 
Y PYY Y 
where 
Rpxx = Rx(O)/<o><o-'> , RPxY = -<B$Ry( O)/<o><d> , 
RPYx = <B%Ry(0) /<o><~- l>  a R PYY = G RY(O)/<o><o-'> , (10) 
R 2  
a n d  R x ( 0 )  = (E) R (0). S u b s t i t u t i n g  from ( 7 )  i n t o  (10)  w e  f i n d  Y 
<B><uB>RQRy( O ) R x  
-v X = R y ( O  J (11) 
Rx(o)Ry[G+R <a><k-'> (1+Q<B>2) 1 
Y 
, ( 1 2 )  <uB>h R ( 0 )  -v = Y 
( G  + Y 1 +  
where 
e =  Rpxx 
Rpxx + Rx 
I n  a un i fo rm g a s ,  G = 1 and t h e  e f f e c t  o f  n o n u n i f o r m i t i e s  i s  
to make G > 1. Nonun i fo rmi t i e s  can be s e e n  t o  f u r t h e r  
degrade  t h e  a l r e a d y  degraded  performance of t h e  g e n e r a t o r  
w i t h  w a l l  l e akage  e f f e c t s .  
When 6 i s  uni form,  G r e d u c e s  t o  t h e  form 
2 G = 1 + G * ( l + f 3  ) , 
where G* = <o><o-'>-l. The v o l t a g e s  Vx, V are  t h e n  Y 
B<uB>j Ry(0)Rx 
-v = R ( 0 )  J (15) 
Y ( l+eg2)  1 
x 
R ( o ) ~ ~ [ i + ~ * ( l + g ~ )   
X R <o><a- l>  
Y 
<uB>h 
[1 + G* + ( @ + G x ) p 2 1  
(16) -TJ = 
Y R Y ( o )  1 +  
R y < O > <  0- 
To o b t a i n  e s t i m a t e s  of G*, l e t  u s  c o n s i d e r  t h e  model d i s t r i -  
b u t i o n  
which r e p r e s e n t s  t h e  e f f e c t s  of  l a y e r s  of  v a r i a b l e  c o n d u c t i v -  
i t y  of  t h i c k n e s s  6 n e a r  t,he e l e c t r o d e s .  The c o n d u c t i v i t y  of  
t h e  c o r e  r e g i o n  i s  o o ,  and t h e  c o n d u c t i v i t y  a t  t h e  wal ls  
(y=O,h)  i s  om. The  f a c t o r  G* h a s  been c a l c u l a t e d  f o r  t h i s  
d i s t r i b u t i o n  and i s  shown i n  F i g .  17. A s  a n  i l l u s t r a t i o n ,  
c o n s i d e r  t h e  o p e n - c i r c u i t  v o l t a g e  V ( o . c . )  f o r  Fa raday  o p e r -  
a t i o n  ( R L ~ ,  RL -+ m)  c a l c u l a . t e d  accoFding  t o  E q .  (12). 
assume,  f o r  i l y u s t r a t i o n ,  t h a t  t h e r e  e x i s t  l e a k a g e  r e s i s t -  
a n c e s  such  t h a t  8 = 0 . 2  and  R y ( 0 ) / R  <a><o-l> = 0 . 2 .  
t h e r e  a r e  no n o n u n i f o r m i t i e s ,  G* = 8 and  
We 
If 
<uB>h -v ( O . C . )  = 
Y 1 + 0.2(1 + 0.2p2) 
I n  p a r t i c u l a r ,  f o r  f3 = 2 ,  
-V ( o . c . )  fi: .7LC<uB>h . 
Y 
NOW c o n s i d e r  t h a t  u n i f o r m i t i e s  a l s o  e x i s t .  
and = 10 , we f i n d  from F i g .  17 t h a t  G* = 0 .6 .  Then 
For 6/h = 0 . 2  
-2 
-v ( O . C . )  = <uB>h 
1 + 0.2 (1.6 + 0.86~) Y 
0 
cu 








0 Ln 0 
r-i 
T- < T- D><D> = ,o 
* 
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For  f3 = 2 ,  we have from t h e  above 
-V ( o . c . ) ~  0 . 5  <uB>h . 
Y 
We t h u s  f i n d  t h a t  a s i g n i f i c a n t  c o r r e c t i o n  t o  wa l l  l e a k a g e  
e f f e c t  c a l c u l a t i o n s  can be i n t r o d u c e d  by e l e c t r i c a l  conduc- 
t i v i t y  n o n u n i f o r m i t i e s .  These v a l u e s  s h o u l d  be compared t o  
t h e  c a s e  where t h e r e  i s  n e i t h e r  a x i a l  l e a k a g e  n o r  nonuniform- 
i t i e s ,  i n  which c a s e  -Vy(o . c . )  = ,833 <uB>h. 
impor t ance  of n o n u n i f o r m i t i e s  become much more pronounced 
f o r  l a r g e r  f 3 .  
The r e l a t i v e  
3 . 4  Rogowski C o i l  Exper iments  
An e x p l o r a t i v e  i n v e s t i g a t i o n  w a s  conducted  
t o  e v a l u a t e  t h e  f e a s i b i l i t y  of u s i n g  a Rogowski c o i l  p robe  
t o  measure c u r r e n t  d i s t r i b u t i o n s  w i t h i n  t h e  MHD g e n e r a t o r  
c h a n n e l .  Probes of  v a r i o u s  s i z e s  and c o n f i g u r a t i o n s  were 
f a b r i c a t e d  and measurements were made i n  a s a l t  s o l u t i o n .  
E l e c t r o d e  a r rangements  were v a r i e d  t o  p r o v i d e  c u r r e n t  p a t -  
t e r n s  i n  t h e  s a l t  s o l u t i o n  which c o u l d  be c a l c u l a t e d  or i n -  
f e r r e d  from measurements on e l e c t r i c a l l y  c o n d u c t i n g  p a p e r .  
It was found t h a t  a l l  p robes  t e s t e d  were s e n s i t i v e  t o  
c u r r e n t s  o u t s i d e  of t h e  area e n c l o s e d  by t h e  c o i l  and  t h a t  
s i g n a l s  f o r  c u r r e n t  d e n s i t i e s  o f  1 ampere p e r  sq cm were 
m a r g i n a l  i n  v i ew o f  n o i s e  arid non-uniform magnet ic  f i e l d  
problems.  
above when i t  became c lear :  t h a t  v e r y  small c u r r e n t  d e n s i t i e s  
would be o b t a i n e d ,  i t  was d e c i d e d  t o  d i s c o n t i n u e  work on t h e  
Rogowski c o i l  p robe .  U n t i l  l a r g e r  c u r r e n t  d e n s i t i e s  a r e  ob- 
s e r v e d  i n  nob le  gas  MHD g e n e r a t o r s ,  i t  was n o t  f e l t  appro -  
p r i a t e  t o  pursue t h e  c o n s i d e r a b l e  development  n e c e s s a r y  t o  
p r o v i d e  probes s u i t a b l e  f o r  t h e  h o t ,  s eeded  envi ronment  i n  
t h e s e  g e n e r a t o r s .  
After  i n i t i a l  t e s t s  of  t h e  MHD g e n e r a t o r  d e s c r i b e d  
4 . 0  ANALYTICAL PROGRAM 
The a c c u r a t e  p r e d i c t . i o n  of t h e  e l e c t r o n  tempera-  
t u r e ,  e l e c t r i c a l  c o n d u c t i v i t y ,  and o t h e r  p r o p e r t i e s  i n  a p a r -  
t i a l l y  i o n i z e d  n o n e q u i p a r t i t i o n  plasma res t s  on a knowledge 
of  t h e  e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n .  
e s t  a r e  t h e  c o n d i t i o n s  under; which d e p a r t u r e s  occur  from a 
Maxwellian form for t h e  i s o t y o p i c  p a r t  fo of  t h e  d i s t r i b u t i o n .  
TO t h i s  end t h e  e l e c t r o n  Boltzmann e q u a t i o n  has been formu- 
l a t e d  f o r  a s p a t i a l l y  u n i f o r m ,  s t e a d y - s t a t e  plasma i n  a 
s t r o n g  e l e c t r i c  f i e l d ,  employing a n  e x p a n s i o n  i n  s p h e r i c a l  
harmonics  and t h e  s i m p l i f i c a t i o n s  c o n s i s t e n t  w i t h  t h e  small  
e l e c t r o n  mass. Boltzmann c o l l i s i o n  o p e r a t o r s  were u s e d  for; 
Of' p a r t i c u l a r  i n t e r -  
34 
e l e c t r o n - n e u t r a l  and  e l e c t r o n - i o n  c o l l i s i o n s ,  and  t h e  Fokker- 
P lanck  o p e r a t o r  f o r  e l e c t r o n - e l e c t r o n  e n c o u n t e r s .  The heavy- 
p a r t i c l e  d i s t r i b u t i o n  f u n c t i o n s  were assumed t o  be Maxwellian 
a t  t h e  t e m p e r a t u r e  T h '  
I n  t h e  i n i t i a l  a n a l y s i s  t h e  e f f e c t s  of  n o n e l a s t i c  c o l l i -  
s i o n s  were n e g l e c t e d .  The c o n d i t i o n s  s t u d i e d  and  q u a l i t a t i v e  
Region o f  n u m e r i c a l  I n t e g r a t i o n ,  F u l l y  e l e c t r o n - e l e c t r o n  c o l l i s i o n s  
---rzs~LLts c a n L d L s L u u s d A n  t erm s o f t h e f o 1.1 0% i n g  Aiag ram; ___ _.__ . 
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Here t h e  o r d i n a t e ,  t h e  s q u a r e  of  t h e  r a t i o  o f  t h e  e l e c -  
t r o n  d r i f t  v e l o c i t y  vz t o  t h e  mean e l e c t r o n  thermal speed ,  i s  
a p p r o x i m a t e l y  e q u a l  t o  t h e  r a t i o  o f  t h e  a v e r a g e  ene rgy  g a i n e d  
by  a n  e l e c t r o n  between c o l l i s i o n s  i n  a n  e l e c t r i c  f i e l d  t o  t h e  
e l e c t r o n  thermal  e n e r g y .  Hence t h e  o r d i n a t e  i s  a measure of 
t h e  s t r e n g t h  o f  t h e  e l e c t r i c  f i e l d .  The absc issa  i s  t h e  r a -  
t i o  of t h e  e l e c t r o n - e l e c t r o n  c o l l i s i o n  f r e q u e n c y  t o  t h e  t o t a l  
e l e c t r o n - n e u t r a l  c o l l i s i o n  f r e q u e n c y  and i s  a measure of  t h e  
d e g r e e  of  i o n i z a t i o n .  The uppe r  l i m i t  on t h e  diagram c o r r e -  
sponds t o  t h e  s t a t i c  i n s t a b i l i t y  r e f e r r ed  t o  by Kerrebrock  
[221 .  
Values  of t h e  o r d i n a t e  v e r y  much l e s s  t h a n  t h e  mean 
e l e c t r o n - t o - h e a v y - p a r t i c l e  mass r a t i o  (m,/mh) cor re spond  t o  
weak e l e c t r i c  f i e l d s  where f o  i s  Maxwellian and e l e c t r o n  and 
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heavy p a r t i c l e  t e m p e r a t u r e s  a r e  e q u a l .  I n  t h i s  r e g i o n ,  t h e  
e l e c t r i c a l  c o n d u c t i v i t y  0 can be c a l c u l a t e d  a c c u r a t e l y  by 
means of  t h e  Chapman-Enskog expans ion .  S p i t z e r  and  HZirrn 's  
c231 r e s u l t s  f o r  f u l l y  i o n i z e d  plasmas a p p l y  when 
Vee/ven >> 1, t h e  weak i o n i z a t i o n  ( L o r e n t z )  l i m i t  o c c u r s  
-2 kTe I n  t h e  n o n e q u i p a r t i t i o n  c a s e ,  when vz / -  ,$ (m), 
"e - n 
t h e  e l e c t r o n  t e m p e r a t u r e  Te E rnevd/3k can be found from t h e  
exDress ion  
where Q h ( v )  i s  t h e  c r o s s  s e c t i o n  f o r  momentum t r a n s f e r  be- 
tween e l e c t r o n s  and t h e  heavy s p e c i e s  h ,  nh t h e  number den- 
s i t y  o f  s p e c i e s  h ,  and j t h e  c u r r e n t  d e n s i t y .  
It can be shown from a n  a n a l y s i s  of t h e  k i n e t i c  equa- 
t i o n s  t h a t  whenever vee /ven  >> (m), t h e  i s o t r o p i c  pa r t  
of t h e  d i s t r i b u t i o n  f u n c t i o n  i s  Maxwell ian,  a l t h o u g h  a t  a n  
e l e v a t e d  t e m p e r a t u r e .  When t h i s  h o l d s  t h e  e q u a t i o n  f o r  t h e  
a n i s o t r o p i c  p a r t  o f  t h e  d i s t r i b u t i o n  f u n c t i o n  becomes i n d e -  
pendent  of t h e  h e a v y - p a r t i c l e  t e m p e r a t u r e .  I n  t h i s  l i m i t  t h e  
Chapman-Enskog s o l u t i o n  f o r  t h e  e l e c t r i c a l  c o n d u c t i v i t y  can 
be a c c u r a t e l y  ex tended  to n o n e q u i p a r t i t i o n  plasmas. Tha t  i s ,  
i n  t h e  f u l l y  i o n i z e d  l i m i t  S p i t z e r  and  H a r m ' s  r e s u l t s  a p p l y  
w i t h  t h e  e l e c t r o n  t e m p e r a t u r e  r e p l a c i n g  t h e  gas t e m p e r a t u r e .  
Between vee/ven >> (m,/mh) and t h e  f u l l y  i o n i z e d  l i m i t  t h e  
r e s u l t s  o f  Schwe i t ze r  and  Mi tchner  [24I, which compare t h e  
m i x t u r e  r u l e  o f  F r o s t  t o  t h e  Chapman-Enskog s o l u t i o n ,  can be  
ex tended  t o  t h e  s t r o n g - f i e l d  r e g i o n  by t h e  u s e  of Te i n  p l a c e  
of T h .  
The t r a n s i t i o n  be ween t h e  w e a k - i o n i z a t i o n  ( L o r e n t z )  and  
Maxwellian forms f o r  f' has been s t u d i e d  by  n u m e r i c a l  i n t e -  
A s  i n d i  a t e d  i n  t h e  d iagram,  t h i s  r e g i o n  o v e r l a p s  t h e  r e g i o n  
where f' i s  Maxwellian.  
t o  demons t r a t e  n u m e r i c a l l y  t h e  t r a n s i t i o n  t o  a n  e l e v a t e d -  
t e m p e r a t u r e  Maxwellian.  T y p i c a l  r e s u l t s  a r e  shown i n  F i g u r e  
18. When vee/ven << 1 t h e  e l e c t r o n - e l e c t r o n  c o l l i s i o n  terms 
can be n e g l e c t e d  i n  t h e  e q u a t i o n  f o r  t h e  a n i s o t r o p i c  p a r t  of 
t h e  d i s t r i b u t i o n  f u n c t i o n  and  t h e  e l e c t r i c a l  c o n d u c t i v i t y  i s  
g r a t i o n  of t h e  k i n e t i c  e q u a t i o n s  i n  t h e  r e g i o n  vee/ven << 1. 
Accord ing ly ,  i t  has been p o s s i b l e  
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0 Here, i n  g e n e r a l ,  f must be o b t a i n e d  n u m e r i c a l l y .  It has 
been found ,  however, t h a t  a c c u r a t e  v a l u e s  f o r  o can be ob- 
t a i n e d  from t h i s  e q u a t i o n  by t h e  u s e  of a Maxwellian fo  based 
on t h e  a c t u a l  e l e c t r o n  t e m p e r a t u r e  from t h e  n u m e r i c a l  s o l u -  
t i o n .  
C a l c u l a t e d  e l e c t r i c a l  c o n d u c t i v i t i e s  have been compared 
w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  o f  Ker reb rock  and  Hoffman [251 
and Cool and  Zukoski [26I. 
ment w i t h  t h e  data was o b t a i n e d  a t  t h e  h i g h e r  c u r r e n t  d e n s i -  
t i e s  where t h e  r a d i a t i v e  ene rgy  l o s s ,  which was n o t  c o n s i d -  
ered i n  t h e  c a l c u l a t i o n s ,  c o u l d  be  n e g l e c t e d .  Under t h e  con- 
d i t i o n s  of  t h e  e e x p e r i m e n t s ,  no s i g n i f i c a n t  d e p a r t u r e s  from 
a Maxwellian f a r e  p r e d i c t e d  by t h e  n u m e r i c a l  s o l u t i o n s .  
A s  shown i n  F i g u r e  19 good agree-  
8 
I n  t h e  f o r e g o i n g  a n a l y s i s ,  t h e  e f f e c t s  of  n o n e l a s t i c  
c o l l i s i o n s  have been n e g l e c t e d .  Under c e r t a i n  c o n d i t i o n s  of  
i n t e r e s t ,  however, such  c o l l i s i o n s  w i l l  be  o f  impor t ance  i n  
t h e  e l e c t r o n  Boltzmann e q u a t i o n .  Moreover,  t h e  e l e c t r o n  
number d e n s i t y  and  e x c i t e d - s t a t e  p o p u l a t i o n s  a r e  de te rmined  
by a b a l a n c e  between n o n e l a s t i c  c o l l i s i o n a l  p r o c e s s e s  and  
r a d i a t i o n  e s c a p e .  The r e l a t i o n s h i p  of  t h e  e l e c t r o n  d e n s i t y  
30 t h e  v a l u e  g iven  by t h e  Saha e q u a t i o n  i s  of major  s i g n i f i -  
cance  i n  c a l c u l a t i o n s  of  t h e  e l e c t r i c a l  c o n d u c t i v i t y ;  t h e  
e x c i t e d - s t a t e  p o p u l a t i o n s  a re  p a r t i c u l a r l y  p e r t i n e n t  t o  t h e  
s p e c t r o s c o p i c  d i a g n o s t i c  t e c h n i q u e s  d i s c u s s e d  i n  S e c t i o n  3 .1 .  
These q u a n t i t i e s  can be found from t h e  s o l u t i o n  of t h e  s e t  o f  
r a t e  e q u a t i o n s  t h a t  d e s c r i b e  t h e  c o l l i s i o n a l  and  r a d i a t i v e  
r a t e s  a t  which v a r i o u s  s t a t e s  a r e  p o p u l a t e d  and  d e p o p u l a t e d .  
S i n c e  t h e  r a t e  e q u a t i o n s  i n v o l v e  t h e  e l e c t r o n  d i s t r i b u t i o n  
f u n c t i o n ,  t h e i r  s o l u t i o n  i s  coup led  w i t h  t h e  s o l u t i o n  of  t h e  
e l e c t r o n  Boltzmann e q u a t i o n .  The a n a l y s i s  d e s c r i b e d  above  
has been extended t o  i n v e s t i g a t e  t h i s  c o u p l i n g .  
I n  t h e  r a t e  e q u a t i o n s ,  a t h r e e - l e v e l  model f o r  t h e  seed 
atom has been c o n s i d e r e d  w i t h  t h e  degree of  r a d i a t i o n  e s c a p e  
a d j u s t e d  by means of r a d i a t i o n  e scape  c o e f f i c i e n t s ,  as  i n  
t h e  c a l c u l a t i o n s  of  Ben-Daniel  and  Tamor k 7 1 .  To da te  , 
c a l c u l a t i o n s  have been performed f o r  t h e  c a s e  of  cesium- 
seeded he l ium,  w i t h  n o n e l a s t i c  c o l l i s i o n s  n e g l e c t e d  i n  t h e  
e l e c t r o n  Boltzmann e q u a t i o n .  The c o u p l i n g  t h e n  r e s u l t s  from 
t h e  e f f e c t  o f  a non-Maxwellian d i s t r i b u t i o n  f u n c t i o n  i n  t h e  
r a t e  e q u a t i o n s  and  t h e  e f f e c t  o f  t h e  d e g r e e  o f  i o n i z a t i o n  
on t h e  r e l a t i v e  impor t ance  o f  e l e c t r o n - e l e c t r o n  c o l l i s i o n s  
i n  t h e  Boltzmann e q u a t i o n .  
The r e s u l t s  o f  t h e  c a l c u l a t i o n  c o n f i r m  q u a l i t a t i v e  
ideas  a b o u t  d e v i a t i o n s  from t h e  Saha e q u a t i o n  and  t h e  ex- 
p e c t e d  shape  o f  t h e  d i s t r i b u t i o n  f u n c t i o n .  
f i e l d s  t h e  d i s t r i b u t i o n  f u n c t i o n  i s  n e a r l y  Maxwellian a t  
t h e  gas t e m p e r a t u r e .  A s  t h e  e l e c t r i c  f i e l d  i s  i n c r e a s e d ,  
two e f f e c t s  compete f o r  dominance. 
A t  low e l e c t r i c  
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A s  l ong  a s  e l e c t r o n - e l e c t r o n  c o l l i s i o n s  a r e  u n i m p o r t a n t  
i n  t h e  Boltzmann e q u a t i o n ,  i n c r e a s e s  i n  e l e c t r i c  f i e l d  t e n d  
t o  d r i v e  t h e  d i s t r i b u t i o n  f u n c t i o n  towards a L o r e n t z  d i s t r i -  
b u t i o n .  On t h e  o t h e r  hand,  a n  i n c r e a s e  i n  e l e c t r i c  f i e l d  
i n c r e a s e s  t h e  e l e c t r o n  t e m p e r a t u r e  and  c o n s e q u e n t l y  t h e  
e l e c t r o n  number d e n s i t y .  E v e n t u a l l y  e l e c t r o n - e l e c t r o n  c o l -  
l i s i o n s  become i m p o r t a n t  and  d r i v e  t h e  d i s t r i b u t i o n  toward a 
Maxwellian a t  t h e  e l e c t r o n  t e m p e r a t u r e .  The a c t u a l  d i s t r i -  
b u t i o n  f u n c t i o n  r e s u l t i n g  from t h e s e  two e f f e c t s  i s  v e r y  
n e a r l y  Maxwellian a t  low e l e c t r o n  e n e r g i e s  due t o  t h e  l a r g e  
Coulomb c r o s s  s e c t i o n  b u t  d r o p s  o f f  r a p i d l y  a t  h i g h  e l e c t r o n  
e n e r g i e s  as the  Coulomb c r o s s  s e c t i o n  d e c r e a s e s .  
The remarkable  r e s u l t  from t h e s e  c a l c u l a t i o n s  i s  t h a t  
t h e  coupled  e f f e c t s  of  r a d i a t i o n  
d i s t r i b u t i o n  f u n c t i o n  can c a u s e  much l a r g e r  d e v i a t i o n s  from 
t h e  Saha e q u a t i o n  t h a n  t h o s e  t h a t  occu r  when e i t h e r  e f f e c t  
i s  c o n s i d e r e d  i n d e p e n d e n t l y .  
e s c a p e  and  a non-Maxwellian 
A t  p r e s e n t  t h e  computer program u s e d  i n  t hese  c a l c u l a -  
t i o n s  i s  be ing  r e f i n e d  so  as  t o  i n c l u d e  n o n e l a s t i c - c o l l i s i o n  
terms i n  t h e  Boltzmann e q u a t i o n s .  
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4 . 2  The E l e c t r i c a l  C o n d u c t i v i t y  o f  a P a r t i a l l y  I o n i z e d  
Gas i n  a Magnetic F i e l d  
When a p a r t i a l l y  i o n i z e d  g a s  i s s u b j e c t e d  t o  a p p l i e d  
e l e c t r i c  and magnet ic  f i e l d s  E and  - B r e s p e c t i v e l y ,  t h e  re- 
s u l t i n g  c u r r e n t  d e n s i t y  i s  [28 ,291  
- 
H A  
where B = BB, E" = - -  E.B, and EL = E - E".  For  small E ,  t h e  
Chapman-Enskogmethod p r o v i d e s  a means f o r  c a l c u l a t i z g  t h e  
t e n s o r  c o n d u c t i v i t y  components (o", 01, oH) t o  a n y  d e s i r e d  
o r d e r  of approximat ion  4 ( e  = 1, 2 ,  . . . ) .  For  a p a r t i a l l y  
i o n i z e d  gas  c o n s i s t i n g  of  v s p e c i e s ,  t h i s  c a l c u l a t i o n  i n -  
v o l v e s  t h e  i n v e r s i o n  of mat;iTi(;es of o r d e r  v x (. Using t h e  
f a c t  t h a t  t h e  e l e c t r o n  ma::s ine i s  much l e s s  t h a n  t h e  mass 
- J = O " E "  - + OLE-! - + 0 x E , 
A A 
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I .  
o f  any  o t h e r  p a r t i c l e ,  i t  h a s  been shown [301 t h a t  t h e  c a l -  
c u l a t i o n  may be s i m p l i f i e d  s o  a s  t o  r e q u i r e  t h e  i n v e r s i o n  of 
m a t r i c e s  of o r d e r  t ,  independent  of t h e  number of s p e c i e s .  
S p e c i a l  r e s u l t s  a re  a v a i l a b l e  f o r  two l i m i t i n g  c a s e s .  
For  a v e r y  weakly i o n i z e d  ( L o r e n t z i a n )  gas ,  t h e r e  e x i s t  p a r -  
t i c u l a r l y  s i m p l e  closed-form e x p r e s s i o n s  [ 281 which co r re spond  
t o  t h e  4 = approx ima t ion  i n  t h e  Chapman-Enskog s e n s e  
a" = l i m  01 . 
U-Q 
The e l e c t r o n  number d e n s i t y ,  c h a r g e ,  and  c y c l o t r o n  f r e q u e n c y  
a re  denoted  by ne ,  - e ,  and LU = eB/me r e s p e c t i v e l y ,  and  B i s  
t h e  magnet ic  i n d u c t i o n .  The q u a n t i t y  T d e n o t e s  t h e  tempera- 
t u r e  of  t h e  gas ,  k i s  Bol tzmann ' s  c o n s t a n t ,  and  t h e  speed-  
dependent  e l e c t r o n  c o l l i s i o n  f r e q u e n c y  i s  Ve(g) = 3 v e n ( g ) ,  
where Ven(g) i s  the  momentum t r a n s f e r  c o l l i s i o n  f r e q u e n c y  of 
a n  e l e c t r o n  w i t h  t h e  n e u t r a l  s p e c i e s  n .  For  a f u l l y  i o n i z e d  
gas , t h e  Spi tzer-Harm [231 v a l u e  f o r  of '  c o r r e s p o n d s  to t h e  
4 = 00 approx ima t ion ;  f o r  01 and aH, c losed- form e x p r e s s i o n s  
a r e  a v a i l a b l e  [29,311 for 4 3, and  n u m e r i c a l  r e s u l t s  [321 
a re  a v a i l a b l e  f o r  6 5 6 .  The n u m e r i c a l  r e s u l t s  a r e  f o r  
CUT C= 6 ,  where e i  
i s  a measure of  t h e  t i m e  between e l e c t r o n - i o n  c o l l i s i o n s .  
The r e s u l t s  f o r  a L o r e n t z i a n  gas have  been u s e d  t o  exam- 
i n e  t h e  speed of  convergence of s u c c e s s i v e  Chapman-Enskog 
a p p r o x i m a t i o n s .  For  a" ,  t h e  convergence c h a r a c t e r i s t i c s  of 
a l a rge  v a r i e t y  of a c t u a l  g a s e s  were found t o  be w e l l  r e p r e -  
s e n t e d  by t h e  mathemat ica l  models v e ( g ) o c  g2mJ w i t h  m i n  t h e  
r a n g e  -3/2 5 m 5 1 .5 .  These models were t h e n  u s e d  t o  exam- 
i n e  t h e  convergence c h a r a c t e r i s t i c s  o f  and  aH t e n d  t o  be 
s low f o r  o/ven(NO(l) , (Ten i s  a weighted  a v e r a g e  of  v e n ( g ) )  , 
b u t  convergence g e n e r a l l y  improves as i n c r e a s e s .  For  
a f u l l y - i o n i z e d  g a s ,  t h e  convergence o f  oEnis  e x c e l l e n t  a t  
4 = 2 ,  b u t  t h e  convergence of ol i s  somewhat slow f o r  
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L 
UT = 0(6), ( a  i s  abou t  15 p e r  c e n t  l a r g e r  a t  4 = 3 t h a n  e i  
a t  E, = 6 ) .  
t he  Chapman-Enskog c a l c u l a t i o n s  a r e  r e l a t i v e l y  l e n g t h y ,  
the  g e n e r a l  p r a c t i c e  has been t o  r e l y  on t h e  approximate  mean- 
f r e e - p a t h  r e s u l t s  
For t he  s i t u a t i o n  of an  a r b i t r a r y  deg ree  of i o n i z a t i o n ,  
and 
- The method of  d e t e r m i n i n g  ve i s  n o t  w e l l  d e f i n e d ,  and 
a g a i n  t h e  g e n e r a l  p r a c t i c e  has been t o  u s e  a 
t h e  p a r a l l e l  c o n d u c t i v i t y  i n  accordance  w i t h  t h e  e q u a t i o n  
0'' = nee2/meie . 
f r e e - p a t h  formulas  w i t h  c o r r e s p o n d i n g  c a l c u l a t i o n s  based  on 
t h e  s i m p l i f i e d  Chapman-Enskog method w i t h  5 = 3 . The com- 
p a r i s o n  v a r i e s  w ide ly  depending on t h e  c o l l i s i o n  f r e q u e n c y  
model, t h e  degree  of i o n i z a t i o n ,  and on (a/;,), b u t  i n  g e n e r a l  
t h e  mean-f ree-pa th  fo rmulas  y i e l d  r e s u l t s  which may d i f f e r  
by as much as a f a c t o r  of  2 w i t h  t h e  more a c c u r a t e  c a l c u l a -  
t i o n s .  
- 
ve d e f i n e d  by  
We have compared r e s u l t s  u s i n g  t h e s e  mean- 
I n  o r d e r  t o  o b t a i n  fo rmulas  which are s t i l l  r e l a t i v e l y  
s imple  t o  apply  b u t  y i e l d  improved accuracy ,  w e  have examined 
e x t e n d i n g  t h e  method s u g g e s t e d  by Frost E331 for c a l c u l a t i n g  
0 " .  When c o l l i s i o n s  between charged  p a r t i c l e s  a r e  n o t  n e g l i -  
g i b l e ,  we i n t e r p r e t  t h e  ve (g )  a p p e a r i n g  i n  t h e  L o r e n t z i a n  
fo rmulas  f o r  0 
L 
and aH as 
The f u n c t i o n s  h L J H ( U T  e i  ) a r e  de t e rmined  by t h e  r equ i r emen t  
t h a t  when 
i o n i z e d  r e s u l t s  t o  t h e  h i g h e s t  o r d e r  of  a c c u r a c y  a v a i l a b l e .  
These f u n c t i o n s  a re  shown i n  F i g .  20 c a l c u l a t e d  u s i n g  t h e  
1 1 t h  Chapman-Enskog approx ima t ions  f o r  0 and 0 . 
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We have compared r e s u l t s  u s i n g  t h i s  m i x t u r e  r u l e  t o  t h o s e  
o b t a i n e d  by t h e  s i m p l i f i e d  Chapman-Enskog method w i t h  
4 = 3. For  a l a r g e  r a n g e  of c o l l i s i o n - f r e q u e n c y  models 
and  v a l u e s  of cu, and f o r  a l l  degrees of  i o n i z a t i o n ,  w e  
conc lude  t h a t  t h i s  proposed m i x t u r e  y i e l d s  r e s u l t s  which a r e  
w i t h i n  a f a c t o r  of a b o u t  15 p e r  c e n t  o f  t h e  more a c c u r a t e  
r e s u l t s .  
The work summarized i n  t h i s  s e c t i o n  has been r e p o r t e d  
on i n  t h e  f o l l o w i n g  r e f e r e n c e s :  
C o n d u c t i v i t y  of P a r t i a l l y  I o n i z e d  Gases," S t a n f o r d  U n i v e r s i t y  
I n s t i t u t e  f o r  Plasma Resea rch ,  SUIPR Repor t  No. 56 (Feb .  
I t  ( I )  S c h w e i t z e r ,  S .  and  Mi tchne r ,  M . ,  E l e c t r i c a l  
1966).  
( 2 )  S c h w e i t z e r ,  S .  and  Mi tchner  , M .  , " E l e c t r i c a l  
C o n d u c t i v i t y  o f  P a r t i a l l y  I o n i z e d  Gases , I '  A I A A  J o u r n a l  - 4 ,  
1012 (1966) .  
( 3 )  S c h w e i t z e r ,  S. and Mi tchne r ,  M . ,  "The T h i r d  
Chapman-Enskog Approximation t o  t h e  E l e c t r i c a l  C o n d u c t i v i t y  
of F u l l y  I o n i z e d  Gas i n  a Magnetic F i e l d , "  Phys.  F l u i d s  - 8,  
2300 (1965) .  
( 4 )  S c h w e i t z e r ,  S .  and Mi tchne r ,  M .  , The E l e c t r i c a l  
C o n d u c t i v i t y  of  a P a r t i a l l y  I o n i z e d  Gas i n  a Magnetic F i e l d , "  
Seventh  Symposium on Eng inee r ing  Aspec t s  o f  MHD, P r i n c e t o n  
I t  
(1965) 
( 5 )  Q u a r t e r l y  R e p o r t s  on Plasma D i a g n o s t i c s  S t u d y  f o r  
t h e  p e r i o d s  A p r i l  1 - June  30 (1965) ,  J u l y  1 - September 30 
(1965) , Janua ry  1 - March 31 (1966) .  
4 . 3  Cur ren t  and P o t e n t i a l  D i s t r i b u t i o n s  i n  F i n i t e l y  
Segmented MHD G e n e r a t o r s  w i t h  Nonuniform E l e c t r i c a l  
C o n d u c t i v i t y  
I n  e a r l y  s t u d i e s  of  t h e  n a t u r e  of  e l e c t r i c a l  con- 
d u c t i o n  i n  a n  i o n i z e d  f l u i d  i n  segmented e l e c t r o d e  MHD 
g e n e r a t o r  s t r u c t u r e s  [34-39]  a t t e n t i o n  was d i r e c t e d  t o  t h e  
e l ec t rodynamic  a s p e c t  of  t h e  problem based on t h e  a s sumpt ion  
t h a t  t h e  f l u i d  was a medium of  un i fo rm e l e c t r i c a l  conduc- 
t i v i t y .  
f i e l d  by a s imple  " O h m ' s  Law" and  t h e  problem c o u l d  be 
t r e a t e d  as  a c l a s s i c a l  problem i n  p o t e n t i a l  t h e o r y .  
of exper iments  w i t h  segmented e l e c t r o d e  MHD g e n e r a t o r  
c o n f i g u r a t i o n s  have s t i m u l a t e d  i n t e r e s t  i n  t h e  e f f e c t s  i n  
The c u r r e n t s  were t h e n  r e l a t e d  t o  t h e  e l e c t r i c  
Recen t ly  , however , a t t e m p t s  t o  u n d e r s t a n d  t h e  r e s u l t s  
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t h e  conduc t ion  p r o c e s s  which a r e  p e c u l i a r l y  due t o  non- 
u n i f o r m i t i e s  i n  t h e  f l u i d  [40,41]. 
s i z e  of segmented e l e c t r o d e s  and  t h e  H a l l  e f f e c t ,  
d i s t r i b u t i o n  i n  such  s t r u c t u r e s  i s  non-uniform and hence  
produces  non-uniform Jou lean  h e a t i n g .  
un i form e l e c t r o n  t empera tu re  leads t o  a non-uniform e l e c t r i -  
c a l  c o n d u c t i v i t y  which i n  t u r n  i n f l u e n c e s  t h e  d i s t r i b u t i o n  
of c u r r e n t .  Other  mechanisms a r e  p r e s e n t  which may p l a y  a 
r o l e  i n  d e t e r m i n i n g  t h e  e l e c t r o n  t e m p e r a t u r e ,  c o n d u c t i v i t y ,  
p o t e n t i a l ,  and  c u r r e n t  d i s t r i b u t i o n s ,  a n d  t h e i r  impor t ance  
must s t i l l  be a s s e s s e d .  
d u c t i o n ,  i o n i z a t i o n ,  r a d i a t i o n  l o s s ,  d i f f u s i o n  of e l e c t r o n s  
due to e l e c t r o n  p r e s s u r e  and t e m p e r a t u r e  g r a d i e n t s ,  d i f f u s i o n  
of i o n s ,  f i n i t e  r a t e  i o n i z a t i o n  and r e c o m b i n a t i o n ,  and  
s h e a t h  and  emiss ion -absopp t ion  e f f e c t s  a t  t h e  e l e c t r o d e  and  
i n s u l a t o r  s u r f a c e s .  
Because of  t h e  f i n i t e  
t h e  c u r r e n t  
The r e s u l t i n g  non- 
Among t h e s e  a r e  c o n v e c t i o n ,  con- 
The two d imens iona l  c u r r e n t  f l ow i n  t h e  ( x , y )  p l ane ,  
t h e  c u r r e n t  d i s t r i b u t i o n  J ( Jx ,  J ) i s  governed by t h e  
equa t i on Y 
- 
V ' J = O .  - 
With  s t r o n g  a p p l i e d  o r  induced  e l e c t r i c  f i e l d s ,  t h e  d i f f u s i o n  
o f  c h a r g e  may be assumed t o  r e s u l t  from t h e  g r a d i e n t  o f  t h e  
0 (x ,  y), r a the r  than from t e m p e r a t u r e  and  p r e s s u r e  g r a d i e n t s .  
Assuming a l s o  t h a t  t h e  i o n  c u r r e n t  i s  n e g l i g i b l e ,  t h e  
g e n e r a l i z e d  Ohm's l a w  l e a d s  to t h e  e q u a t i o n s  
w h e r e  @ ( x , y )  i s  d e f i n e d  by 
The q u a n t i t y  u ( y )  i s  t h e  f l u i d  mass v e l o c i t y  assumed t o  be 
known and  t o  f low i n  t h e  x - d i r e c t i o n ,  and  B i s  t h e  a p p l i e d  
magne t i c  i n d u c t i o n  assumed t o  be c o n s t a n t  and  t o  l i e  a l o n g  
t h e  z - a x i s .  The q u a n t i t y  p i s  t h e  Hall p a r a m e t e r .  The 
e l e c t r i c a l  c o n d u c t i v i t y  O ( X , Y )  i s  g i v e n  by t h e  s i m p l e  mean- 
f r e e - p a t h  r e s u l t  
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where n e ( x , y )  i s  t h e  e l e c t r o n  number d e n s i t y ,  -e t h e  e l e c t r o n  
c h a r g e ,  me t he  e l e c t r o n  mass, and  v e  t h e  a v e r a g e  momentum 
t r a n s f e r  e l e c t r o n  c o l l i s i o n  f r e q u e n c y .  The  c o n d u c t i v i t y  
d i s t r i b u t i o n  o ( x , y )  i s  de t e rmined  from n e ( x , y )  and  i n  a n  
e x a c t  c a l c u l a t i o n ,  n e ( x , y )  i s  de te rmined  by s o l v i n g  t h e  
a p p r o p r i a t e  f l u i d  s p e c i e s  c o n s e r v a t i o n  e q u a t i o n s .  
Two c a s e s  have been c o n s i d e r e d  f o r  t h e  s t u d y  o f  t h e  
e f f e c t s  o f  a non-uniform c o n d u c t i v i t y .  I n  t h e  f i r s t ,  t h e  
e l e c t r i c a l  c o n d u c t i v i t y  d i s t r i b u t i o n  i s  assumed,  and  t h e  
above e q u a t i o n s  a r e  t h e n  s o l v e d  f o r  Q ( x , y )  and  J ( x , y ) .  The 
i m p l i c a t i o n s  of p a r t i c u l a r  d i s t r i b u t i o n s  of  c o n d u c t i v i t y  
w i t h  r e g a r d  t o  Q ( x , y )  and J ( x , y )  may t h e n  be examined. I n  
t h e  second c a s e ,  t h e  e l e c t r o n  number d e n s i t y  i s  de t e rmined  
by t h e  e l e c t r o n  t e m p e r a t u r e  i n  t h e  Saha e q u a t i o n  assuming 
t h a t  i o n i z a t i o n  e q u i l i b r i u m  p r e v a i l s .  The e l e c t r o n  tempera-  
t u r e  i s  i n  t u r n  de t e rmined  by t h e  e l e c t r o n  e n e r g y  e q u a t i o n .  
Hence one c o n s i d e r s  o = o ( n e )  and  ne = n e [ T , ( X , y ) ]  where ,  
i n  t h e  absence  o f  c o n v e c t i o n ,  c o n d u c t i o n ,  and  n o n - e l a s t i c  
c o l l i s i o n  e f f e c t s ,  t h e  ene rgy  e q u a t i o n  f o r  T e ( x J y )  i s  
where m i s  t h e  a v e r a g e  heavy p a r t i c l e  mass a n d  1: i s  t h e  
Boltzmann c o n s t a n t .  P roceed ing  i n  t h i s  manner., i.f t h e  heavy 
p a r t i c l e  t e m p e r a t u r e ,  T ,  is assumed known , t h e n  e q u a t i o n s  
(18 - 20>, (22), a n d  (23) niay be s o l v e d  s i m u l t a n e o u s l y  f o r  
h 
c p ( x J  Y )  and T e ( X J Y $ '  
The boundary c o n d i t i o n s  f o r  b o t h  t hese  c a s e s  on Q ( x , y )  
a r e :  
a t  a n  e l e c t r o d e  
( i n  t h e  x-z  p l a n e )  
'* o o r  Q = c o n s t a n t  
a t  a n  i n s u l a t o r  
( i n  t h e  x-z  p l a n e )  
a x =  
Some i n v e s t i g a t o r s  [42] have proposed  boundary c o n d i t i o n s  
which may i n  some s e n s e  model e l e c t r i c a l  phenomena a t  t h e  
g a s - s u r f a c e  i n t e r f a c e ;  however, i n  t h e  i n t e r e s t  o f  e x p l i c i t l y  
r e v e a l i n g  t h e  r o l e  of  volume e f f e c t s ,  w e  s h a l l  n e g l e c t  
i n t e r f a c e  e f f e c t s  e n t i r e l y  and  assume t h a t  t h e  conduc t ing  
s u r f a c e s  i n  c o n t a c t  w i t h  t h e  gas a r e  i n f i n i t e l y  c o n d u c t i n g ,  
and  t h e  p o t e n t i a l  of t h e  g a s  and t h e  c.onductil?g s u r f a c e  a r e  
i d e n t i c a l  a t  t h e  conduct ing  s u - f a c e .  I n s u l a t i n g  s u r f a c e s  
i n  c o n t a c t  w i t h  t h e  gas a r e  assumed i n f i n i t e l y  non-conduct ing .  
S o l u t i o n s  of t h e  e q u a t i o n s  f o r  t h e  c a s e s  d e s c r i b e d  above 
have  been o b t a i n e d  n ,umer i ca l lyo  The e f f e c t s  of  a r e g i o n  of  
e i t h e r  h i g h  o r  low c o n d u c t i v i t y  n e a r  t h e  e l e c t r o d e s  r e l a t i v e  
t o  t h e  channe l  c e n t e r  were examined u s i n g  a n  assumed con- 
d u c t i v i t y  p r o f i l e  i n  which t h e  c o n d u c t i v i t y  e i t h e r  i n c r e a s e d  
o r  d e c r e a s e d  l i n e a r l y  near; t h e  e l e c t r o d e  w a l l s .  It was found 
t h a t  when t h e  c . o n d u c t i v i t y  was h i g h  n e a r  t h e  e l e c t r o d e  w a l l ,  
t h e  c o n c e n t r a t i o n  of  c u r r e n t  n e a r  t h e  e l e c t r o d e  edge was 
i n c r e a s e d  and t h e  d i f f e r e n c e  i n  v o l t a g e  between s u c c e s s i v e  
e l e c t r o d e  p a i r s  ( H a l l  Vo l t age )  was d e c r e a s e d  r e l a t i v e  t o  t h e  
un i fo rm c o n d u c t i v i t y  c a s e .  When t h e  c o n d u c t i v i t y  n e a r  t h e  
e l e c t r o d e  w a l l  was low, t h e  c u r r e n t  d i s t r i b u t i o n  ove r  t h e  
e l e c t r o d e  was more uni form b u t  t h e  H a l l  v o l t a g e  d i f f e r e n c e  
between s u c c e s s i v e  e l e c t r o d e s  was n e g l i g i b l y  changed r e l a t i v e  
t o  t h e  un i fo rm c o n d u c t i v i t y  c a s e .  
When t h e  e l e c t r o n  number d e n s i t y  i s  de te rmined  by t h e  
Saha e q u a t i o n  a t  t h e  e l e c t r o n  t e m p e r a t u r e ,  i t  i s  found t h a t  
t h e  p o t e n t i a l  e q u a t i o n  need n o t  remain of  e l l i p t i c  t y p e .  
Fo r  s u f f i c i e n t l y  l a r g e  H a l l  parameters,  t h e  e q u a t i o n  becomes 
h y p e r b o l i c .  The c o n d i t i o n  f o r  h y p e r b o l i c  b e h a v i o r  i s  
p r e c i s e l y  e q u i v a l e n t  t o  t h a t  f o r  p h y s i c a l  i n s t a b i l i t y  o f  t h e  
t ime-dependent  e l e c t r o n  energy equat . ion .  It can be shown 
t h a t  t h i s  p h y s i c a l  i n s t a b i l i t y  c o r r e s p o n d s  t o  t h e  c o n d i t i o n  
where t h e  r a t e  o f  J o u l e a n  h e a t i c g  of t h e  e l e c t r o n s  exceeds  
t h e  r a t e  a t  which t h e  e i e c t r m s  can l o s e  ene rgy  by c o l l i s i o n s  
t o  t h e  heavy p a r t i c l e s .  For. c c n d f t i c n s  c h a r a c t e r i s t i c  of  a n  
MHD g e n e r a t o r ,  t h e  0 - e q u a t i o n  Is u n i f c r m l y  e l l i p t i c  f o r  
B &,l. C a l c u l a t i o n s  made unde r  t h e s e  c o n d i t i o n s  i n d i c a t e  a n  
i n c r e a s e d  c u r r e n t  c o n c e n t r a t i o n  a t  t h e  e l e c t r o d e  edge and  a 
d e c r e a s e d  H a l l  v o l t a g e  bet.ween s u c c e s s i v e  e l e c t r o d e  p a i r s .  
The i n t e r n a l  impedance i s  markedly h i g h e r  t h a n  t h a t  f o r  
i d e a l  segmented c o n d u c t o r s ,  b u t  s t i l l  somewhat below t h a t  
f o r  c o n t i n u o u s  e l e c t r o d e s  w i t h  n o n e q u i p a r t i t i o n  e l e c t r o n  
h e a t i n g  
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Some t y p i c a l  r e s u l t s  fo? t h e  c a l c u l a t e d  c u r r e n t  d i s t r i -  
b u t i o n  a . re  i l l u s t r a t e d  i n  F i g .  21. The work summarized i n  
t h i s  s e c t i o n  h a s  been r e p o r t e d  i n  t h e  f o l l o w i n g  r e f e r e n c e s :  
II (I) O l i v e r ,  D .  P . .  and Mi tchne r ,  M . ,  Nonuniform 
!I E l e c t r i c a l  Conduction i n  Magnetophdrodynamic Channe l s ,  
s u b m i t t e d  t o  A I A A  J o u r n a l .  
( 2 )  01-iver ,  D .  and Mitchl-ier, M . ,  “Cu-r;rent and  P o t e n t i a l  
D i s t r i b u t i o n s  i n  F i n i t e l y  SegmenLed MHD G e n e r a t o r s  w i t h  
Nonuniform E l e c t r i c a l  C o n d u c t i v i t y , ”  Seventh  Symposium on 
Eng inee r ing  Aspec ts  o f  HMD, P r i n c e t o n  (1965) .  
(3) Q u a r t e r l y  R e p o r t s  on P l a s m a  D i a g n o s t i c s  S tudy  f o r  
Lhe p e r i o d s  J u l y  1 - St.ptember 30 (1965) ,  October  1 - 
December 31 (1965) ,  (Janliary 1 - March 31 (1966) , A p r i l  1 - 
,June 30 (1966) .  
5.0 CONCLUSIONS AND RECOMMENDATIONS 
The f o l l o w i n g  c o n c l u s i o n s  may be drawn from t h e  r e s e a r c h  
program d e s c r i b e d  i n  t h i s  y.epoi2t z
1. The i n t e r f e r e n c e - f i l t i ~ ~  photogyaphie  t e c h n i q u e  
provi.des a s imple  methcd f‘or o’u ta in ing  s p a t i a l l y  r e s o l v e d  
e1 .ec t ron- tempera ture  txeasL:,rements i n  a g a s  d i s c h a r g e  w i t h  o r  
without. magnet ic  f i e l d s .  
2 .  The e l e c t r o n  n?imber; d e n s i t y  was shown t o  be g r e a t l y  
c u t  o f  e q u i l i b r i u m  w i t h  Lhe oI.i:”t7-.on or  g a s  t e m p e r a t u r e  a f t e r  
expans ion  i n  a s u p e r s o n i c  n o z z l e .  
3 .  Conducting deposlil,;; on b o r o n - n i t r i d e  t e s t  s e c t i o n  
walls r e p r e s e n t  a s e r i o i i s  ~-xperi i rnental  problem. 
4. Wall l e a k a g e  ar;d R o n - u n i f o r m i t i e s  s e r i o u s l y  deg rade  
DlHD g e n e r a t o r  performanL>c . 
5 .  T h e  e l e c t r o n  dis t , i ibut , .Lon f u n c t i o n  f o r  a two- 
t e m p e r a t u r e  gas  may b e  non-Md xc\iJLllian f o r  some c o n d i t i o n s  of  
e3 e c t r i c  f i e l d  and e l e c t l v e  ctcnI.-ity may show l a r g e  d e v i a t i o n s  
fr om tile Saha e q u a t i o n  va liie . 
6 .  The t e n s o r  component:; o f  t h e  e l e c t r i c a l  c o n d u c t i v i t y  
of‘ a p a r t i a l l y  i o n i z e d  gaLi 111 ~1 r ragnet ic  f i e l d  may be  found 
by a mixing r u l e  which conipait ; tuell w i t h  t h e  more c o m p l i c a t e d  
Chapman-Enskog method. 
7 .  Non-uniform c o n d u c t i v i t y  p r o f i l e s  i n  an  MHD g e n e r a t o r  
l r a d  t o  a d e t e r i o r a t i o n  o f  pt” t‘ormance. A low c o n d u c t i v i t y  
l a y e r  a d j a c e n t  t o  t h e  d e c l , !  O(~I .>Z r e d u c e s  c u r r e n t  c o n c e n t r a t i o n  
w h i l e  a h i g h  c o n d u c t i v i t y  L ~ I ~ V ~  5as t h e  o p p o s i t e  e f f e c t .  
( a )  Uniform CT ( b )  Hot w a l l  l a y e r  
I I 
( c )  Cold w a l l  l a y e r  
I I 
( d )  Nonequi l ibr ium CT 
F i g u r e  21. E f f e c t  of nonuniform c o n d u c t i v i t y  on c u r r e n t  
d i s t r i b u t i o n .  A l l  c a s e s  a r e  f o r  p = 1 , r a t i o  
of p e r i o d  l e n g t h  t o  channe l  h e i g h t  of  1, and 
r a t i o  of  e l e c t r o d e  l e n g t h  to p e r i o d  l e n g t h  of 
1/2. I n  bo th  c a s e s  (b) and ( c ) ,  the  ra t io  o f  
l a y e r  t h i c k n e s s  t o  e l e c t r o d e  h e i g h t  i s  0.2. I n  
c a s e s  (b) and ( c )  the  r a t i o  of  w a l l  c o n d u c t i v i t y  
t o  c o r e  c o n d u c t i v i t y  i s  5 and 0.2 r e s p e c t i v e l y .  
Case ( d )  i s  f o r  a cesium-argon mix tu re  a t  one 
atmosphere and a gas  t empera tu re  o f  2400°K; t h e  
seed  f r a c t i o n  i s  .004 and the  e f f e c t i v e  e l e c t r i c  
f i e l d  i s  40 v o l t s / m .  
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It i s  recommended t h a t  f u t u r e  work be  unde r t aken  t o  
1. i n v e s t i g a t e  M H D  g e n e r a t o r  performance w i t h  non- 
conduc t ing  w a l l s  such  as would be o b t a i n a b l e  i n  t h e  absence  
o f  t h e  d e p o s i t s  found i n  t h e  p r e s e n t  program. 
2 .  i n v e s t i g a t e  var iab le  t e m p e r a t u r e  e l e c t r o d e s  and 
i n s u l a t o r s  t o  d e t e r m i n e  e x p e r i m e n t a l l y  t h e  i n f l u e n c e s  o f  
t e m p e r a t u r e  on c u r r e n t  c o n c e n t r a t i o n s .  
3.  de te rmine  s t a b i l i t y  e f f e c t s  i n  MHD g e n e r a t o r s .  
It i s  s t r o n g l y  b e l i e v e d  t h a t  more r e l a t i v e l y  small- 
s c a l e  l a b o r a t o r y  expe r imen t s  can c o n t r i b u t e  t o  u n d e r s t a n d i n g  
t h e  problems of  n o b l e g a s  MHD g e n e r a t o r s  and  s h o u l d  be unde r -  
t aken  b e f o r e  l a r g e  d e v i c e s  a r e  c o n s t r u c t e d .  
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